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We had a number of successes in developing the new generation of light emitting devices (LEDs) based 
on heterogeneous integration of organic thin films and inorganic nanocrystal quantum dot (QD) 
lumophores.  This report outlines in one-page summaries a series of successful demonstrations.  The 
eleven attached publications further enumerate on our technical successes. 
 
We demonstrated: 
 

1. ... QD-LEDs of red, green, and blue color emission using identical structures for all three colors, 
by just replacing the QD lumophore layer in the device stack.  Our devices drastically simplify 
the fabrication process of pixelated multicolor emitters as our device design requires only one 
layer (QD layer) difference between different color emitters. 

 
2. ... a method for patterning different color QD-LED with high resolution, as needed for pixelated 

display or detector structures.  This is the first demonstration of high resolution patterns of QD 
monolayers, with demonstrated lateral resolution of sub-200nm. 

 
3. ... the first resonant cavity QD-LEDs, a QD-LED device embedded in a microcavity of thickness 

comparable to the emission wavelength of the QD lumophores.  Consequently, the photon 
emission out of these devices is highly directional. 

 
4. ... energy transfer from a phosphorescent organic thin film to a QD monolayer, demonstrating, 

for the first time, that QDs can accept triplet excitons of efficient organic dyes through a resonant 
energy transfer method. 

 
5. ... numerical simulation of the packing of QDs in an ordered monolayer of hexagoanlly packed 

QD spheres (5nm in diameter).  We demonstrated that in order to achieve the perfectly ordered 
packing, as we observe, the standard deviation of diameter of QDs can not exceed 5%.  This 
indicates that nearly all of the QDs in our samples are the same to within a single atomic bond, a 
remarkable precision in QD synthesis. 

 
6. ... the first white QD-LEDs with electroluminescent emission emanating from a monolayer of 

mixed quantum dots.  We show that QD-LEDs can be generated with an arbitrary spectrum by 
simply mixing different QDs in the electroluminescent layer, akin to mixing paints in a paint 
shop. 
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7. ... a printing method for patterning top electrode of molecular and quantum dot devices, 
demonstrating lateral resolution of better than 20μm over macroscopic areas. The method was 
used to demonstrate red-green-blue-emissive QD-LED structures with resolution of 1000 dots-
per-inch. 

 
8. … first analysis of electronic and excitonic processes in hybrid organic/inorganic QD-LEDs, 

identifying the exciton energy transfer processes as dominantly determining the performance of 
these devices. 

 
9. … first all-inorganic QD-LED structures.  In these devices QD lumophores are surrounded by 

metal-oxide charge-transporting thin films, enabling stable operation even under very high 
current densities. 

 
10. … a method for patterning thin film electrodes of nanostructured LEDs by Contact lift-off with 

an eastomeric stamp.  The fabricated structures have operational performance that matches that 
of conventionally patterned structures, yet our new patterning method is simpler. 

 
11. … inkjet printed films of luminescent QDs that are used as patterned films of AC-driven thin 

film electroluminescent (AC-EL) structures.  We demonstrated that red and green QD 
luminescence complements the blue luminescence of the AC-EL to generate of full-color 
triangle. 

 
12. … AC-driven electroluminescence from phosphor-doped nanocrystals.  This s the first 

demostration of electrical excitation of these new QD structures. 
 

13. … electroluminescence from single QD light sources.  These are the smallest electrically excited 
light structures, with typical lateral dimension of less than 10 nm. 
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Quantum Dot Light-Emitting Devices 
S. Coe-Sullivan, P. Anikeeva, J. Steckel, M. Bawendi, and V. Bulović 
 
Hybrid organic/inorganic light-emitting devices (QD-LEDs) combine stability and color clarity of semiconductor 
nanoparticles and low cost processing procedures of organic materials with the aim to generate a flat panel 
display technology.  Semiconductor quantum dots (QDs) are nanocrystals that are of smaller diameter that the 
Bohr exciton in a bulk crystal of the same material. By reducing the size of the nanocrystal, quantum confinement 
effects lead to an increase in the band edge exciton energy. Changing QDs sizes and materials one can obtain 
luminescence wavelength from UV, trough whole visible spectrum, and near IR.  
 
Typical QD-LED consists of a transparent inorganic anode deposited on a glass substrate followed by organic 
electron (ETL) and hole transport layers (HTL) with QD monolayer in between, a metal anode is deposited on top 
of the structure Fig.1 and 2 (left). We are presently investigating physical mechanisms that govern light generation 
in QD-LED. Time-resolved optical methods allow us to study charge and exciton transport in organic films and at 
organic/QD interfaces, Fig. 2 (right).  Physical insights lead to an optimized design and improved performance of  
QD-LEDs. 
 

 

 
 

Fig.1 Current-Voltage (IV) characteristics of QD-LEDs with 
monolayers of red, green, and blue QDs as the 
recombination layers. Top left corner: device structure 

Fig.2 On the left: level diagram of a typical QD-LED. On the right: time-resolved 
photoluminescence measurement of the structure on the top right corner. 



Patterned Quantum Dot Monolayers in QD-LEDs 
S. Coe-Sullivan, L. Kim, J. Steckel, R. Tabone, M.G. Bawendi, and V. Bulović 

Hybrid organic/inorganic quantum dot light emitting devices (QD-LEDs) contain luminescent nanocrystal quantum 
dots (QDs) imbedded in an organic thin film structure.  The QDs are nanometer size particles of inorganic 
semiconductors that exhibit efficient luminescence and whose emission color can be tuned by changing the size 
of the nanocrystals.  For example, luminescence of QDs of CdSe is tuned from blue to red by changing the QD 
diameter from 2 nm to 12 nm.  By further changing the material system, saturated color emission can be tuned 
from the UV, through the visible, and into the IR.  The inorganic emissive component provides potential for a long 
operating lifetime of QD-LEDs.  The room temperature fabrication method ensures compatibility of the QD-LED 
technology with the established all-organic LEDs (OLEDs).   

The optimized QD-LED device structure contains a single monolayer of QDs embedded within the layered organic 
thin film structure.  The technology is enabled by the self-assembly of the QDs as a densely packed monolayer on 
top of a conjugated organic film.  The QD film is positioned with nanometer precision in the recombination zone of 
the device. 1  Most recently, by using a microcontact printing (stamping) process we demonstrated that neat layers 
of QDs can be placed independently of the organic layers and in-plane patterned, allowing for the pixel formation 
necessary for display technology (Fig. 1).  To date, we demonstrated QD-LED color emission across the visible 
part of the spectrum and from 1.3 um to 1.6 um in the near infra-red (Fig. 2). 

References: 
[1] Coe-Sullivan, S., W. Woo, J. Steckel, M.G. Bawendi, and V. Bulović, “Tuning the Performance of Hybrid Organic/Inorganic Quantum 
Dot Light-Emitting Devices,” Organic Electronics 4, 123 (2003).  
 

 

 

Figure 1: (A) 25 um wide lined red QD-LED, patterned by 
microcontact printing (stamping).  (B) Stamped red QD-LED, 
stamped green QD-LED, and blue organic LED. (C) Stamped 
patterned green/red QD-LED. (D) Stamped blue QD-LED. 

Figure 2: Electroluminescence spectra of QD-LEDs in visible and infra-
red. 

1 mm 

1 mm 



Resonant Cavity Quantum Dot LEDs 
V. Wood, J.R. Tischler, V. Bulović 

Quantum dot LEDs (QD-LEDs), which capitalize on the excellent color saturation and high photoluminescence 
efficiencies offered by quantum dots, promise to be part of future generation display technologies [1]. The goal of 
our project is to integrate the already developed technology of the QD-LED into a resonant cavity (RC) and 
thereby achieve enhanced, directed electroluminescence (EL) that can be of use in fields as diverse as optical 
communications, spectroscopy, and environmental and industrial sensing.  

The RC structure we are currently investigating (Figure 1) consists of a standard QD-LED [1] grown on top of a 
distributed Bragg reflector (DBR).  A DBR is a highly reflective mirror made of λ/4 layers of alternating high and 
low indices of refraction. With a reflectivity of more than 98% in the wavelength region of interest, the DBR serves 
as one of the cavity mirrors.  The other cavity mirror is the Ag doped Mg electrode of the QD-LED.  

With this structure, we have achieved narrowed emission, which is evident when comparing EL spectra and 
images of the QD-LED and the RC QD-LED (Figure 2).  The QD-LED appears orange because our eyes sense 
the red light of the QDs as well as the shorter wavelength emission from the organics.  In contrast, the RC QD-
LED exhibits effectively monochromatic red light. The plot of peak emission intensity at different angles (Figure 2) 
shows an emission cone of less than twenty degrees.  If the path-length of the cavity does not match the QD 
emission wavelength, EL from the RC QD-LED is off-normal.  We are currently working to understand the 
emission enhancement capability of our RC QD-LED. 
 

 

 

Figure 1:  Schematic of RC QD-LED Figure 2:  Comparison of EL spectra, images, and angular emission profiles of 
RC QD-LED and QD-LED.  RC QD-LED exhibits marked narrowing. 

Reference 
S. Coe,  W.K. Woo, M. Bawendi, V. Bulovic, “Electroluminescence from single monolayers of nanocrystals in molecular organic devices,” 

Nature, vol.420, no. 6917, pp. 800-803, 2002. 
 



Energy Transfer from an Organic Phosphorescent Thin Film  
to a Monolayer of Quantum Dots 
P. O. Anikeeva, C. F. Madigan, S. A. Coe-Sullivan, J. S. Steckel, M.G. Bawendi, V. Bulović 

Over the past several years the optical and electronic properties of colloidaly synthesized nanocrystals, or 
quantum dots (QDs), of CdSe have been extensively studied, with the aim of using QD films in solid state opto-
electronic devices.  Efficient exciton generation in CdSe QDs suggests use of nanocrystal composite films in 
photovoltaic cells, while high luminescence quantum yields and tunability of QD emission wavelengths over the 
entire visible spectrum suggests QD film use in light emitting devices (LEDs). These developments are a 
consequence of advances in colloidal QD synthesis that allow for increased control over the shape, size, and 
emission wavelength of nanocrystals, and the development of methods for forming QD thin films of controlled 
structure and composition. We utilize these advances in the present study to demonstrate triplet exciton energy 
transfer (ET) from a thin film of phosphorescent molecules to a monolayer of CdSe/ZnS core/shell QDs (see Fig. 
1). Triplet exciton harvesting and transfer to an efficient lumophore has been previously used in advancing 
organic light emitting device (OLED) technology, and has the potential to similarly benefit the emerging field of 
quantum-dot-LEDs.  

The efficient energy transfer is facilitated by the spectral overlap of the organic phosphor fac tris(2-phenylpyridine) 
iridium (Ir(ppy)3) luminescence and QD absorption spectra. In time-resolved photoluminescence (PL) 
measurements the energy transfer is manifested as elongation of the QD PL time constant from 40 ns to 400 ns 
(see Fig. 2), and a concomitant 55 % increase of time-integrated QD PL intensity.  Numerical analysis supports 
the conclusion that the observed PL dynamics are dominated by exciton diffusion within the Ir(ppy)3 film to the QD 
layer, energy transfer to the from Ir(ppy)3 to QD film, and subsequent QD luminescence.  
 

 
 

Figure 1:  Schematic diagram of the energy transfer form an 
organic film doped with a phosphorescent donor to a 
monolayer of colloidal CdSe/ZnS core-shell QDs. 

 

Figure 2:  Time resolved PL measurements for samples I, II, and III, 
which respectively correspond to Ir(ppy)3 film on glass, QD layer on 
glass, and QD layer on Ir(ppy)3 film on glass . The black lines and 
dots represent the experimental measurements, and the thick grey 
lines represent numerical fits using the proposed diffusion model. 
Data set A represents Ir(ppy)3 PL decay in purely organic sample, 
data set B represents Ir(ppy)3 PL decay in contact with QDs, data 
set C represents QD and Ir(ppy)3 PL decay in contact with each 
other at QD PL peak position, data set D represents QD dynamics 
in contact with Ir(ppy)3, data set E represents QD dynamics in 
purely QD sample. 

 
References: P. O. Anikeeva, C. F. Madigan, S. A. Coe-Sullivan, J. S. Steckel, M.G. Bawendi, V. Bulović, Chemical Physics Letters (2006). 



Packing of Quantum Dot Monolayers 
Ethan Howe and Vladimir Bulović 

We developed a kinetic model for assembly of ordered quantum dot (QD) monolayers on 2-dimensional surface 
that reproduces experimental observations for a variety of QD size distributions (of Gaussian size profile).  Such 
QD monoalyers have already been utilized in a number of thin-film applications, QD-LEDs and QD-
photodetectors.  However, methods of fabrication of QD films are still being developed and our work focuses on 
developing a numerical tool to investigate methods for improving the quality of these films.  

To numerically assemble a QD monolayer, we model the QDs as spheres that moves on the surface with no 
friction but with random thermal motion added at each time step. We apply a van der Waals attraction between 
QDs and hard-wall repulsion at the QD radius. When two QDs collide, their interaction is partially inelastic based 
on a model parameter. These conditions allow for a range of behavior encompassing many interesting 
phenomena. We find that a mono-disperse size distribution of QDs forms hexagonally close-packed aggregates, 
and the packing and aggregate stability of the QD monolayer degrades dramatically as the standard deviation of 
the size distribution is increased. In experimental studies [1], the instability of QD monolayers has been observed 
to occur for standard deviations of greater than 10% in QD diameter. We were able to reproduce these findings in 
our simulations (Figure 1).  We have further shown that confining the same QD distributions inside of a 1-
dimensional hard boundary with a width of a few QD diameters can counteract this instability. 
 

 

Figure 1: a) Results of simulation of packing for 300 QDs of equal size. The inset is an AFM image [1] of a 
monolayer of QDs with less than 5% standard deviation in diameters. In our simulation we observe the same 
hexagonal close-packed arrangement of QDs and stability of aggregates that allows for good monolayer 
formation. b) Results of simulation for packing 300 QDs with a 15% standard deviation in diameters. The inset 
is an AFM image for the same method of preparation as a) but with QDs having a greater than 5% standard 
deviation in diameters. For these large size distributions our simulated dots could no longer form hexagonally 
close-packed arrays. In addition, aggregates readily broke up as dots were less well-bound. 

Reference 
S. Coe-Sullivan et al., Advanced Functional Materials 15, 1117-1124 (2005). 



White Light QD-LEDs 
P. O. Anikeeva, J. E. Halpert, M. G. Bawendi, V. Bulović 

We are developing white-light emitting quantum dot LEDs (QD-LEDs) for use as planar white-light sources in the 
full-color active matrix displays with color filters, and in future solid state lighting.  Our white QD-LEDs consist of 
organic charge transport layers with a QD monolayer sandwiched between them.  This device architecture 
enables independent processing of the charge transport layers and the emissive layer. The independent 
processing of QDs is a result of the recent development of the QD printing technique, which allows for the 
solvent–free deposition of QD monolayers onto various organic materials. By mixing different amounts of high 
quantum yield colloidal core/shell QDs (red CdSe/ZnS, green ZnCdSe/ZnS, blue CdS/ZnS) we demonstrate 
different QD-LED colors. Figure 1a shows electroluminescence of the white QD-LED with  the CIE (Comission 
International de l’Eclairage) coordinates of (0.42, 0.41).  Figure 1b and Inset of Figure 2 also show that CIE 
coordinates vary only slightly under the different applied bias and different operation time. 
 

 

 

References 
S. A. Coe-Sullivan, Ph. D thesis, Massachusetts Institute of Technology, Cambridge, 2005. 
P. O. Anikeeva, J. E. Halpert, M. G. Bawendi, V. Bulović, unpublished results. 

Figure 1:  a. Photograph of a white QD-LED operated at 10 V of 
applied bias.  b. CIE coordinates of QD-LEDs: red (red triangle), 
green (green triangle), blue (blue triangle) and white (purple 
diamond at 12 V.  Change of color with operation lifetime is 
shown with progression from red circle to purple circle for a QD-
LED operated at 9 V. 

Figure 2:  Electroluminescence of the blue (blue line), green (green line), 
red (red line) and white (black line) QD-LEDs shown not to scale to 
demonstrate the presence of the spectral signatures of all three QD colors 
in the white device spectrum. Inset: We observe slight change of the 
spectral shape of the white QD-LED with operation time.  

 



Patterning Micron-Sized Features of  
Quantum Dots and Metal Electrodes 
J. Yu and V. Bulović 

Organic LED (OLED) and quantum dot LEDs (QD-LED) are a promising technology for the emissive element in 
flat panel displays.  However, organic material in these devices are isensitive to solvent exposure and create 
processing challenges in patterning a pixelated display.  This project aims to develop novel fabrication processes 
for OLED and QD-LED displays. 

In QD-LEDs, quantum dots can be patterned by spin-casting a monolayer onto a relief poly(dimethylsiloxane) 
(PDMS) stamp and then transferring the pattern onto an organic substrate [1].  However, the spin cast process 
requires significant use of material. An alternative solution is to directly pattern the dots using thermal inkjet pico-
fluidic drop dispensing system (TIPS) provided by Hewlett-Packard (Figure 1(a)). A process for formation of 
patterned monolayer using this technique is currently being developed. 

Patterning of electrodes in OLED or QD-LED displays is presently done primarily by shadow masking, which is 
limited in resolution, or cold-welding which requires high pressures, additional protection layers, use of gold 
electrode, or subsequent dry etching steps [2,3]. As an alternative, we are investigating subtractive pattering of 
silver or silver-magnesium electrodes with untreated PDMS stamp. We demonstrated 25 um feature sizes with 
good yield on 20nm thick silver-magnesium films (Figure 1(b)). This PDMS lift-off technique applied on an OLED 
electrode made of 50 nm silver film on top of 50 nm silver-magnesium yields OLEDs with the same quantum 
efficiency and current voltage characteristics to OLEDs defined by shadow masking (Figure 2).  
 

           Figure 1         Figure 2 
 

 
[1] L. Kim. “Deposition of Colloidal Quantum Dots by Microcontact Printing for LED Display Technology”, Master’s Thesis, Massachusetts 
Institute of Technology, Cambridge, 2006. 
[2] C. Kim, P. Burrows, S. Forrest, “Micropatterning of Organic Electronic Devices by Cold-Welding,” Science, vol.288, pp.831-833, May 2000.  
[3] C. Kim, S. Forrest. “ Fabrication of Organic Light-Emitting Devices by Low-Pressure Cold-Welding,” Advanced Materials, vol.15, No. 6, pp. 
541-545, March 2003. 
 
 



Electronic and Excitonic Processes in Quantum Dot LEDs 
P. O. Anikeeva, C. F. Madigan, J. E. Halpert, M. G. Bawendi, V. Bulović 

Hybrid light emitting devices (LEDs) based on organic charge transporting materials and emissive colloidal 
quantum dot monolayers have demonstrated superior color purity and high external quantum efficiency close to 
that of organic LEDs (OLEDs) [1] making them a technology that can potentially replace OLEDs in flat panel 
displays. While fabrication methods for QD-LEDs have been extensively studied over the past several years, the 
mechanisms of QD-LED operation still present a significant scientific challenge. Understanding the excitonic and 
electronic processes in QD-LEDs is crucial to efficient device design. 
 
We investigate the mechanism of operation of the hybrid organic/colloidal quantum dot (QD) light emitting devices 
(QD-LEDs). By varying the position of the emitting QD monolayer within the stacked organic structure, we find 
that the quantum efficiency of the device improves by >50% upon imbedding the emissive QD monolayer into the 
hole-transporting layer <10 nm below the interface between hole and electron transporting layers. We analyze 
these results in the context of two different mechanisms for QD light emission: the charge injection model and the 
exciton energy transfer model. We find that maximizing energy transfer contribution to QD luminescence 
improves QD-LED performance, primarily due to inefficiencies arising from charged QDs.. 
 

 

 

References 
S.A. Coe-Sullivan, “Hybrid Organic/Quantum Dot Thin Film Structures and Devices “ Ph.D thesis, Massachusetts Institute of Technology, 

Cambridge, 2005. 
L. Kim, “Deposition of Colloidal Quantum Dots by Microcontact Printing for LED Display Technology” M. Eng. Thesis, Massachusetts Institute 

of Technology, Cambridge, 2006. 

Figure 1:  Schematic diagram of the charge injection and energy 
transfer form an organic charge transporting layers to a monolayer 
of colloidal CdSe/ZnS core-shell QDs. 

Figure 2:  External quantum efficiency curves are shown for six devices 
displayed in the inset. The highest EQE of 2.3% corresponds to the device 2 
in which QD monolayer is imbedded 10 nm into TPD layer below the 
TPD/Alq3 interface. 



  

All Inorganic Colloidal Quantum Dot LEDs  
V. Wood, J.M. Caruge, J.E. Halpert, M.G. Bawendi, V. Bulović 

LEDs with a quantum dot (QD) emissive layer are an attractive technology for display and large area lighting 
applications. QDs are nanoparticles that can be synthesized to emit anywhere from the ultraviolet to the infrared 
regions of the spectrum by changing their size and chemical composition. For example, varying the size of CdSe 
QDs from 17 to 120 Å tunes them to emit light at a wavelength between 470 nm to 630 nm [1]. Furthermore, QDs 
possess excellent color saturation and high photoluminescence efficiencies.   

 
QDs have been successfully integrated into LEDs with organic charge transport layers.  Such devices boast 

external quantum efficiencies (EQEs) of several percent in the red, green, and blue [2]. However, despite the high 
EQE and the ease of fabrication offered by organic semiconductor films, organic materials are susceptible to 
deterioration from atmospheric oxygen and water vapor. Device lifetimes can be improved with packaging, but 
this increases cost, making it difficult for QD-LEDs to compete with the already established technology of liquid 
crystal displays (LCDs).  Furthermore, organic materials cannot sustain the high current density needed to realize 
an electrically pumped colloidal QD laser.  In contrast, metal oxides are chemically and morphologically stable in 
air and can operate at high current densities.  

 
We report the first all-inorganic QD-LEDs consisting of radio-frequency sputtered metal-oxide charge transport 

layers and a colloidal quantum dot electroluminescent region. These devices manifest a 100-fold increase in EQE 
over the one previously reported inorganic QD structure [3].  Our device consists of ZnCdSe QDs sandwiched 
between resistive, p-type NiO and co-deposited ZnO and SnO2 (See Figure 1). We measured an EQE of 0.09% 
and a peak luminescence of 7000 Cd/m2 at 13.8 V and a current density of 3.2 A/cm2. As shown in Figure 2, light 
emission from the QDs is uniform across the device.  
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Figure 1: Schematic of the all-inorganic QD-LED structure.  
Indium tin oxide (ITO) and Ag electrodes are used. 

Figure 2: All inorganic QD-LED operating under 6 V applied bias. 



Microcontact Printing of Quantum Dot LEDs Using Inkjet 
Assisted Patterning Method 
 
Jennifer Yu, Jianglong Chen, Hao Huang, Moungi Bawendi, Vladimir Bulovic 
 
Colloidal quantum dots (QDs) with tunable emission wavelength, narrow emission band and efficient 
luminescence have been incorporated into OLEDs and used as lumophores in the QD-LED structure. In the past, 
the favored method of QD deposition has included a spin-coating step that does not utilize most of the QD 
material [1] [2]. We propose an alternative method that directly patterns the QD layers on a stamp by inkjet 
printing and is subsequently transferred onto organic material via microcontact printing (Figure 1a).  This 
technique allows patterning of the QD material and drastically improves material usage in fabrication of QD-LEDs 
and other optoelectronic devices that utilize QD thin films. 
 
With a thermal inkjet printer from Hewlett Packard, we pattern QDs onto a polydimethylsiloxane (PDMS) stamp 
with a feature size of 50µm. Interaction between the QD solution and the stamp surface plays an important role in 
the formation of the inkjet printed QD patterns. Coating the stamp with a layer of parylene allows for better drying 
properties of the ink on the stamp (Figure 1b).  The QD patterns have been transfer stamped onto organic hole 
transport layers (Figure 2a).  The QD-LED structure is completed by subsequent deposition of a hole blocking 
layer, electron transport layer, and electrode, and electroluminescence images of QD-LEDs are shown in Figure 
2b,c. 
  

 

        
 

    Figure 1:  (a) Inkjet printed quantum dot technique (b) Photoluminescence of quantum dot drop on different stamp surfaces.  
    Figure 2: (a) Photoluminescence of inkjet printed red quantum dots transfer printed from parylene coated PDMS stamp to TPD. (b) (c) 
Electroluminescence from an inkjet assisted patterned QD-LED. 
 

 
[1] S. Coe-Sullivan, J. Steckel, W. Woo, M. Bawendi, and V. Bulovic, “Large-area ordered quantum-dot monolayers via phase separation 
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Modeling of Electronic and Excitonic Processes in QD-LEDs 
P. O. Anikeeva, C. F. Madigan, J. E. Halpert, M. G. Bawendi, V. Bulović 

Hybrid light emitting devices (LEDs), consisting of organic charge transporting layers and a colloidal quantum dot 
(QD) emissive layer [1], exhibit narrow electroluminescence (EL) spectra, characteristic of colloidal QD 
luminescence. The manifested saturated color emission is particularly desirable in flat panel display applications, 
and is broadly applicable to other technologies requiring high spectral quality lighting. The development of novel 
QD deposition techniques such as microcontact printing [2] allowed us to experimentally investigate the 
mechanisms of QD-LED operation, by varying the position of the emitting QD monolayer within the stacked 
organic structure. We find that the quantum efficiency of the device improves by >50% upon imbedding the 
emissive QD monolayer into the hole-transporting layer <10 nm below the interface between hole and electron 
transporting layers, while maintaining QD-LED spectral purity (Fig. 1). These findings with additional experiments 
lead us to conclusion that maximizing exciton generation on organic molecules and subsequent energy transfer to 
QDs, while minimizing QD charging with electrons improves QD-LED performance.  
 
In order to verify our conclusions based on the previous experimental observations we built a theoretical model for 
charge and exciton transport in organic LEDs (OLEDs) and QD-LEDs. Considering carrier drift and diffusion we 
numerically simulate carrier concentration and electric field profiles in device structures and based on them we 
calculate exciton concentration profiles (Fig. 2). We find that the results of our model are in qualitative agreement 
with experimental data. We find that exciton diffusion and non-radiative energy transfer from organic thin films to 
QDs lead to maximum exciton concentration on QD sites resulting in QD-LED spectra dominated by QD 
emission. We find that imbedding QDs into TPD hole-transporting layer reduces electron concentration at QD 
sites and consequently eliminates QD luminescence quenching. It also reduces electric field across the QDs 
eliminating exciton dissociation. 
 

  

 
S.A. Coe-Sullivan, “Hybrid Organic/Quantum Dot Thin Film Structures and Devices “ Ph.D thesis, Massachusetts Institute of Technology, 

Cambridge, 2005. 
L. Kim, “Deposition of Colloidal Quantum Dots by Microcontact Printing for LED Display Technology” M. Eng. Thesis, Massachusetts Institute 

of Technology, Cambridge, 2006.  

Figure 1: Normalized EL spectra of OLED, QD-LEDs with QDs 
at the TPD/Alq3 interface, QDs imbedded into TPD 10 nm and 
20 nm bellow the interface. Inset: Schematic diagram of the 
charge injection and energy transfer from organic charge 
transporting layers to a monolayer of colloidal QDs. 

Figure 2:  Exciton concentration profiles obtained from numerical 
simulations for OLED (a), QD-LEDs with QDs at the TPD/Alq3 interface (b), 
QDs imbedded into TPD 10 nm (c) and 20 nm (d) bellow the interface. 
Theoretical exciton profiles are in qualitative agreement with experimental 
EL spectra shown in Figure 1. 



Micropatterning Organic Electronic Device Electrodes by 
PDMS lift-off 
 
J. Yu,  V. Bulović 

 
Patterning of electrodes in organic electronic devices are done primarily by techniques that are limited in 
resolution, scalability, or potentially damaging to the underlying organic material. We demonstrate a subtractive 
stamping technique for patterning the top metal electrode of organic electronic devices.  Patterning is achieved by 
placing a relief patterned polydimethylsiloxane (PDMS) stamp in contact with a metal electrode and quickly 
peeling off the stamp (Figure 1a).  The fast peel rate increases the adhesion energy of the PDMS to the metal 
electrode, allowing the stamp to pick up the metal from the substrate.  
 
The in-plane roughness of the patterned straight edge is less than 1 um (Figure 1b) while the transition region of 
the patterned abrupt step is less than 0.1 um in width (Figure 1c).  We pattern micron sized features on a glass 
substrate with an ITO step with good yield (Figure 2).  We have shown that for organic light emitting devices, this 
technique is comparable to the traditional shadow masking technique [1].  This technique can also be applied to 
patterning gold electrodes for organic pentacene transistors.   
 

 

           
 

    Figure 1: (a) Demonstration of the subtractive stamping technique. A quick release of the PDMS stamp to the substrate is required to lift off 
metal film from substrate surface.  (b) Top view of in-plane roughness of patterned edge of organic to metal from AFM (c) AFM height data to 
view transition region of organic to metal edge. 
    Figure 2: Optical microscope image of (a)  13 um wide lines patterned from 17 nm thick Mg:Ag film and (b) 25 um diameter circles on 11 
nm thick Mg:Ag film on  top of 50-nm Alq3, 50-nm TPD, 40-nm PEDOT, and 80-nm ITO or glass substrate. Both images show technique is 
able to occur even on a step of ITO on a glass substrate. 

 
[1] J. Yu and V. Bulovic, “Patterning Micron Sized Features of Quantum Dots and Metal Electrodes,” Massachusetts Institute of Technology, 
Cambridge, MA, Microsystems Technology Laboratory Annual Research Report, 2006. 

 

  



Inkjet Printed Quantum Dot and Polymer Composites for AC-
Driven Electroluminescent Devices 
V. Wood, J. Chen, M.J. Panzer, M.S. Bradley, J.E. Halpert, M.G. Bawendi, and V. Bulović  

We introduce a technique for the reliable deposition of intricate, multicolored patterns using a quantum dot (QD) 
and polymer composite and demonstrate its application for robust AC-driven displays with high brightness and 
saturated colors.  AC electroluminescent (AC EL) devices are a well-established technology [1].  Their relatively 
simple fabrication and long operating lifetimes make them desirable for large area displays; however, a major 
challenge with AC EL remains finding efficient and stable red phosphors for multicolored displays.  Colloidally 
synthesized QDs are robust, solution-processable lumophores offering tunable and narrowband 
photoluminescence across the visible spectrum [2].  By integrating QDs into an AC EL device, we demonstrate 
patterning of saturated red, green, and blue pixels that operate at video brightness. 
 
The concept behind the device operation is optical downconversion: red and green QDs absorb blue 
electroluminescence from phosphor grains and then emit at longer wavelengths.  The device, pictured 
schematically in Figure 1, is fabricated with a layer by layer approach that is compatible with flexible substrates.  
A QD and polyisobutylene (PIB) solution is printed on conductive indium tin oxide (ITO) using a Hewlett Packard 
Thermal Inkjet Pico-fluidic dispensing system (TIPs).  Examples of the intricate and multicolored patterns possible 
are shown in Figure 2a. The electroluminescent phosphor paste (ZnS:Cu powder in a transparent binder from 
Osram-Sylvania) is deposited uniformly over the sample using a disposable mask and doctor-blading to define the 
device area.  Top contacts are made with conductive tape from 3M. This basic device structure is assembled and 
tested entirely under atmospheric conditions.  
 
When an AC voltage waveform is applied across the device, we measure spectrally pure QD emission in the red 
and green and ~100 Cd/m2 brightness.  Photographs of the red, green, and blue pixels of a working, AC-driven 
device are shown in Figure 2b. The Commission International d’Eclairage (CIE) coordinates of the pixels device 
define a color triangle that is comparable to the International Telecommunication Union HDTV standard.   
 

 

 

 

 
[1] Y. A. Ono, Electroluminescent Displays. Singapore: World Scientific, 2000.  
[2] C.B. Murray, D.J. Norris, and M.G. Bawendi. “Synthesis and characterization of nearly monodisperse CdE (E= S, Se, Te) semiconductor 
nanocrystallites,” J. Amer. Chem. Soc., vol. 115, pp. 8706-8715, 1993. 
 

Figure 1:  Schematic showing basic device 
structure. 

Figure 2: Photographs of a) photoluminescence of QD-PIB composites inkjet printed on 1 
in. x 1 in. indium tin oxide coated glass slides and b) emission from blue, green, and red 
pixels of completed devices driven at 70 Vrms and 50 kHz.    



Electroluminescence from Phosphor-doped Nanocrystals 
V. Wood, J. E. Halpert, M. J. Panzer, M.G. Bawendi, V. Bulović 

Alternating current thin-film electroluminescent (AC-TFEL) devices already occupy a segment of the large-area, 
high-resolution, flat-panel-display market. The AC-TFEL displays, which consist of a phosphor layer, such as 
manganese doped-zinc sulfide (ZnS:Mn), vertically sandwiched between two insulators that are contacted by 
electrodes, are robust, possess long lifetimes, and offer high luminance with relatively low power consumption [1], 
[2].  While fabrication of AC-TFEL devices has been the subject of considerable study over the past three 
decades, significant challenges remain. Development of multicolor displays with balanced red, green, and blue 
(RGB) emission has proven difficult as the most efficient red, green, and blue phosphors comprise different 
materials systems that require different deposition and annealing steps.  Transparent AC-TFEL displays have 
recently been demonstrated by Sharp, Inc.; however, the processing of the phosphor to achieve transparency is 
difficult and has not yet been developed for phosphors other than ZnS:Mn [3].  
 
We present a novel materials system for solution processing of the active phosphor layer in transparent AC-TFEL 
devices. We use colloidally-synthesized Mn-doped nanocrystals interspersed between RF magnetron sputtered 
ZnS layers to demonstrate electroluminescence (EL) from a solution-deposited active layer in an AC-TFEL device 
fabricated at room temperature [4]. We adapt the synthesis of Thakar et al. to make stable ZnSe/ZnS:Mn/ZnS 
nanocrystals with quantum yields of (65±5)% [5].  As Figure 1 shows, these wide band gap host nanocrystals 
along with sputtered wide band-gap metal oxides (Al2O3, HfO2, and ITO) enable transparent AC TFEL devices 
without additional processing steps beyond the room-temperature layer-by-layer deposition of each material set.  
Our devices exhibit electroluminescence from the Mn dopants at frequencies greater than 10 kHz and with 
voltages as low as 110 Vpp (See Figures 1 and 2) [4]. 
 

  

 
[1] Y. A. Ono, Electroluminescent Displays. Singapore: World Scientific, 1995.  
[2] J.P. Keir and J.F. Wager, “Electrical Characterization of Thin-Film Electroluminescent Devices,” Annu. Rev. Mat. Sci., vol 
27, 1997, pp. 223-248.  
[3]  A. Abileah, K. Harkonen, A. Pakkala, and G. Smid. Transparent Electroluminescent (EL) Diplays, Planar Systems, 2008.  
[4] V. Wood, J.E. Halpert, M.J. Panzer, M.G. Bawnedi, and V. Bulović. “AC-driven Electroluminescence from 
ZnSe/ZnS:Mn/ZnS Nanocrystals,” Nano Lett. in press, 2009. 
[5] R. Thakar, Y. Chen, and P.T. Snee, “Efficient Emission from Core/(Doped) Shell Nanoparticles: Applications for Chemical 
Sensing,” Nano Lett., vol. 7, no. 11, Oct. 2007., pp. 3429-3432. 
 

Figure 1:  A photograph of a 0.5 in. x 0.5 in. glass substrate 
containing ten 1 mm x 2 mm AC-TFEL devices, with no bias 
applied.  The substrate is pictured on top of printed text to 
demonstrate the transparency of our AC-TFEL device 
architecture. The inset shows the uniformity of pixel 
illumination (in the dark) with the device operating at 170 Vpp 
and 30 kHz. 

 
 
Figure 2: Electroluminescent (EL) spectra for devices with Al2O3 
and HfO2 insulating layers (solid and dashed orange curves, 
respectively). Photoluminescence (PL) spectra of the 
nanocrystal solution (solid gray curve) and a completed device 
(dashed black line). The overlap of the spectral peaks indicates 
that the emission is due to the Mn impurity dopants. 
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Photoluminescence of CdSe/ZnS core/shell quantum dots enhanced
by energy transfer from a phosphorescent donor
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Abstract

We demonstrate exciton energy transfer from a thin film of phosphorescent dye fac tris(2-phenylpyridine) iridium (Ir(ppy)3) to a
monolayer of colloidal CdSe/ZnS core/shell quantum dots (QDs). The energy transfer is manifested in time-resolved photoluminescence
(PL) measurements as elongation of the QD PL time constant from 40 to 400 ns, and a concomitant 55% increase of time-integrated QD
PL intensity. The observed PL dynamics are shown to be dominated by exciton diffusion within the Ir(ppy)3 film to the QD layer.
� 2006 Elsevier B.V. All rights reserved.

Over the past several years the optical and electronic
properties of colloidaly synthesized nanocrystals [1], or
quantum dots (QDs), of CdSe have been extensively studied
with the aim of using QD films in solid state opto-electronic
devices. Efficient exciton generation in CdSe QDs suggests
use of nanocrystal composite films in photovoltaic cells
[2], while high luminescence quantum yields and tunability
of QD emission wavelengths over the entire visible spectrum
suggests QD film use in light emitting devices (LEDs) [3].
These developments are a consequence of advances in col-
loidal QD synthesis that allow for increased control over
the shape, size, and emission wavelength of nanocrystals
[4], and the development of methods for forming QD thin
films of controlled structure and composition [5]. Utilizing
these advances, in the present Letter we fabricate hybrid
organic thin film/QD structures which demonstrate triplet
exciton energy transfer (ET) from a thin film of phosphores-
cent molecules to a monolayer of CdSe/ZnS core/shell QDs.
Triplet exciton harvesting and transfer to an efficient lumo-

phore has been previously used in advancing organic light
emitting device (OLED) technology [6], and has the poten-
tial to similarly benefit the emerging field of quantum-dot-
LEDs (QD-LEDs) [7].

OLEDs based on phosphorescent materials exhibit high
quantum efficiencies [8]. For example, organic phosphors
containing d6 Ir3+ complexes, such as the fac tris(2-phenyl-
pyridine) iridium (Ir(ppy)3) that is used in this Letter (see
inset of Fig. 1) [9,10], show record efficient electro-phos-
phorescence at room temperature with external quantum
efficiencies as high as 19% [11]. In these compounds spin–
orbit coupling leads to the mixing of the spin-singlet and
spin-triplet excited states [10,12], which enables the radia-
tive relaxation of the triplet-state and leads to a fast phos-
phorescent decay (<1 ls) and high phosphorescence
efficiency that benefits OLED performance.

In QDs, the presence of transition metal atoms, such as
Cd, leads to electron–hole exchange interaction and spin–
orbit coupling [13] that mix the electron and hole spin
states. In CdSe QDs electron spin-mixing results in a
non-emissive lowest energy exciton, so called ‘dark exci-
ton’ [14], which is between 0.13 meV (as in CdSe bulk)
and 12.5 meV (for the smallest QD with few nm diameter)

0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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below the emissive excitonic state [15]. Thermal mixing of
the dark and emissive exciton results in a room tempera-
ture QD radiative lifetime in the range from 3 to 30 ns
(depending on the QD core/shell structure, size distribu-
tion, and the fidelity of the organic capping layer), and
luminescence efficiencies exceeding 80% in solution
[16,17].

Since QDs are efficient lumophores and Ir(ppy)3 is an
efficient triplet exciton harvester, in this Letter we consider
energy transfer (ET) from Ir(ppy)3 to CdSe/ZnS core/shell
QDs in order to enhance the luminescence intensity of
QD lumophores. Overlap of Ir(ppy)3 luminescence and
QD absorption spectra suggests the possibility of efficient
ET (Fig. 1). Our Letter follows earlier experiments that
investigated Förster ET to CdSe/ZnS QDs from both fluo-
rescent organic hosts as well as from inorganic substrate
layers [18,19]. QDs have proven themselves as efficient
exciton donors in energy transfer experiments with various
organic dyes and bioorganic molecules [20,21]; however,
there remains debate in the literature over the demonstra-
tion of ET from an organic donor to CdSe/ZnS core/shell
QD (see e.g. [22]). In contrast, the present Letter definitively
confirms that CdSe/ZnS core/shell QDs can efficiently
accept excitons from an organic donor by demonstrating
ET of triplet excitons from a phosphorescent dye to QD
lumophores.

We fabricated three thin film structures: sample I is a
40 nm thick film of 10% Ir(ppy)3 doped into 4,4 0-N,N 0-dic-
arbazole-byphenyl (CBP) thermally evaporated onto a
glass substrate. Sample II is a monolayer of CdSe/ZnS
QDs (7 nm QD diameter) printed [23] onto a glass sub-
strate. Finally, sample III is a hybrid structure consisting
of a monolayer of CdSe/ZnS QDs printed onto a 40 nm
thick film of 10% Ir(ppy)3 in CBP on glass.

Comparing the PL signatures of the three samples we
observe a 21 ± 4% decrease of Ir(ppy)3 time-integrated
PL intensity in sample III as compared to sample I and a
concomitant 55 ± 5% increase in CdSe/ZnS QD film PL
intensity in sample III as compared to sample II (see
Fig. 2). The change in PL is calculated by numerically
decomposing the sample III spectrum into CdSe/ZnS QD
and Ir(ppy)3 components. The PL change suggests ET from
the Ir(ppy)3 film to the QD monolayer. We note that simple
reabsorption of Ir(ppy)3 luminescence by the QD film does
not account for the observed PL change since the 7 nm
thick QD monolayer has very weak absorption (<1.5%)
over the Ir(ppy)3 PL spectrum. Assuming a QD PL effi-
ciency on the order of 0.1 (typical of QD films), we find
that reabsorption of Ir(ppy)3 photons by the QD layer
can lead to small QD PL flux increase of at most 0.0015
times the Ir(ppy)3 photon flux, or a roughly three orders
of magnitude smaller than the observed QD intensity.
(To provide an upper limit on the reabsorption effect, we
assume all of the Ir(ppy)3 flux is directed through the QD
film.) Consequently, reabsorption does not significantly
contribute to the observed increase in QD PL in sample
III. (Note that because the film thicknesses are much less
than the wavelengths of the emitted light, and the refractive
index contrasts between the layers are small, optical cavity
effects are not expected to be significant.)

Data from time-resolved PL measurements are shown in
Fig. 3. The PL of CdSe/ZnS QDs in sample II (data set E)
exhibits two time constants with a shorter time constant of
sQD

1 ¼ 10 ns and a longer time constant of sQD
2 ¼ 40 ns. The

Ir(ppy)3 PL decay also exhibits bi-exponential behavior,
with a dominant time constant of sIrðppyÞ3 ¼ 610 ns (as
obtained from data set A). In sample III, however, the
QD PL decay (data set D) is substantially elongated, lead-
ing to a longer time constant of sQD

2;sIII ¼ 500 ns, which is

Fig. 2. Time-integrated PL spectra of samples I, II and III. All
measurements were obtained at the same excitation source power of
k = 395 nm light. The PL spectrum of sample III can be constructed from
a linear superposition of the PL spectra of samples I and II.

Fig. 1. Overlap between CdSe/ZnS QD absorption (solid line) and
Ir(ppy)3 emission (dash-dot-dot) spectra suggests energy transfer from
Ir(ppy)3 to QDs. (Note. QD absorption spectrum was obtained by the
direct measurement in a thin film, consequently it exhibits a red tail due to
the scattering of the organic ligands in a solid film.) Inset: Schematic
drawing of a ZnS overcoated CdSe QD and Ir(ppy)3 structural formula.

P.O. Anikeeva et al. / Chemical Physics Letters 424 (2006) 120–125 121
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identical to the dominant time constant of the Ir(ppy)3 PL
from the same sample (data set B), strongly suggesting that
this ‘delayed’ QD PL is due to energy transfer of Ir(ppy)3

excitons to the QD film.
An investigation of the first 200 ns of QD PL (Fig. 3b)

reveals a slight increase in the initial PL intensity and a
small increase of the short time constant, yielding
sQD

1;sIII ¼ 12 ns. Note that in Fig. 3, the data are obtained
by integrating the PL spectra over the wavelength ranges
specified in the figure caption. Furthermore, the QD PL
decay for sample III (data set D) is obtained by subtracting
the Ir(ppy)3 PL spectrum from the total signal, as illus-
trated in Fig. 4, and then integrating the difference signal
over the specified wavelength range. We again note that
the time-dependent contribution of reabsorption to the

QD PL is at most 0.0015 times the Ir(ppy)3 flux intensity
(obtained from sample I). Therefore, for all times reabsorp-
tion contribution is at most 3% of the observed QD PL
signal.

Since reabsorption does not contribute significantly to
the QD PL intensity in sample III, the observed QD PL
enhancement and elongation of QD PL lifetime can be
attributed to exciton energy transfer from Ir(ppy)3 mole-
cules to the QD monolayer. For quantitative analysis of
the data, we note that the observed PL time dependence
(Figs. 3 and 4) is shaped by four physical processes that
govern exciton dynamics in the Ir(ppy)3:CBP film: Ir(ppy)3

exciton radiative decay, non-radiative decay, ET to the QD
film, and diffusion. The two decay mechanisms combine to
determine the observed radiative lifetime of 610 ns and a

Fig. 3. Time resolved PL measurements for samples I, II and III, performed over (a) a 5000 ns time window and (b) a 500 ns time window (first 200 ns
shown). The black lines and dots represent the experimental measurements, and the thick grey lines represent numerical fits using the proposed diffusion
model. To obtain data sets A and B, the sample PL was integrated over the wavelength range of k = 511 nm to k = 568 nm, to yield in each case the time
dependence of the Ir(ppy)3 PL. Similarly, to obtain data sets C and E, a wavelength range of k = 600 nm to k = 656 nm was used. Data set C therefore
reflects the intensity of combined Ir(ppy)3/QD PL near the QD PL peak. Data set E reflects the intensity of solely the QD PL. To obtain data set D, the
intensity due to the Ir(ppy)3 PL was subtracted from C to yield just the QD PL intensity in sample III. Note that the grey fit lines assume a single
exponential time decay for the Ir(ppy)3, and so are only expected to fit the Ir(ppy)3 at early times (where the single exponential decay dominates).

Fig. 4. (a) PL spectra of sample III are shown at times t = 0 ns (dash-dot-dot), t = 500 ns (dashed line), t = 1500 ns (solid line) after excitation. Ir(ppy)3

integrated PL spectrum (dotted line) is shown for comparison (not to scale). (b) QD PL in sample III obtained by subtracting scaled Ir(ppy)3 spectrum
from the PL of sample III is shown at t = 0 ns (dash-dot-dot), t = 500 ns (dashed), t = 1500 ns (solid) after excitation.
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PL quantum efficiency of �15% (as calculated from opti-
mized electroluminescence efficiencies of 12% doped Ir(p-
py):CBP OLEDs [24]). The ET mechanism leads to the
observed quenching of the Ir(ppy)3 PL and the associated
enhancement of the QD PL, and capturing the Ir(ppy)3

excitons that are closest to the QD film. Finally, the diffu-
sion mechanism induces a net flow of Ir(ppy)3 excitons
towards the QD film, due to depletion by ET of Ir(ppy)3

excitons near the QD interface.
To numerically model the combined processes we model

the ET mechanism as an instant energy transfer of any
Ir(ppy)3 exciton that is within distance, LET, from the
QD film. In this model the dynamics of the ET process is
controlled entirely by Ir(ppy)3 exciton diffusion, which
determines the rate at which excitons are supplied to the
region within LET of the QD film.

A reasonable value for LET is determined by considering
the possible ET mechanisms. In the case of ET by corre-
lated electron exchange, a mechanism also known as Dex-
ter transfer [25], the exciton capture region consists of a
single Ir(ppy)3 layer adjacent to QDs, since the transfer rate
falls off exponentially with distance, reducing to negligible
the ET contributions from all the more distant molecular
layers. Since the Ir(ppy)3 molecule is on the order of
1 nm in extent, then we estimate that LET = 1 nm for Dex-
ter energy transfer.

In the case of resonant ET, a mechanism also known as
Förster transfer, the capture region can be larger. For För-
ster transfer, the rate of ET between a donor (D) and an
acceptor (A), is given by [26]

KD!A ¼
1

s
RF

R

� �6

ð1Þ

where R is the distance between the donor and the accep-
tor, s is the donor lifetime, and, RF is a Förster radius

R6
F �

9

8p
c4

n4
j2gD

Z
SDðxÞrAðxÞ

x4
dx ð2Þ

where c is the speed of light in vacuum, n is the index of
refraction of the medium, j is an orientational factor, gD

is the donor PL quantum efficiency, SD is the donor emis-
sion spectrum (normalized to integrate over frequency to
unity), and rA is the acceptor absorption cross-section.

We calculate RF = 4.1 nm from (2) by inserting the
donor Ir(ppy)3 PL and acceptor QD absorption spectra
shown in Fig. 1, setting n = 1.7 and j2 = 2/3 (which aver-
ages the result over randomly oriented donor and acceptor
dipoles), and using gD = 0.15 (as estimated above). (Note.
We use n = 1.7 characteristic of organic thin films to obtain
an upper bound on RF. Locally the refractive index could
be higher due to the higher QD index, of n � 2.1, which
would lead to a lower RF value.) This RF value is roughly
equal to the center-to-center distance between a QD and an
adjacent Ir(ppy)3 molecule, i.e. 3.5 nm (half the QD
diameter) + 0.5 nm (half the extent of the Ir(ppy)3

molecule) = 4.0 nm. We, therefore, expect that Ir(ppy)3-
to-QD Förster ET is dominated by nearest neighbor trans-

fers. However, it is worth noting that the total rate of
energy transfer from a single organic molecule to a QD
layer should be integrated over all of the dots in the QD
layer. This calculation yields a total transfer rate that scales
as R�4 [27]. For a hexagonally close packed QD mono-
layer, the total rate is given by

KD–AL ¼
1

s
R6

F

2a2R4
¼ 1

s
D4

F

R4
ð3Þ

where a is the radius of the QD. Using the values for a and
RF, we obtain DF = 3.7 nm.

Given that as noted above the transfer distance between
nearest neighbors is just 4.0 nm, we conclude, as expected
from the RF calculation, that transfer is dominated by
the layer of donors in immediate contact with the QD
layer, and thus we set LET = 1 nm. (We note that reabsorp-
tion, Förster, and Dexter are the most commonly proposed
ET mechanisms and are, hence, the mechanisms focused on
in this Letter. The following analysis, however, is
unchanged even for other ET mechanisms, so long as
LET remains of the order of 1 nm.)

We model the emission, diffusion, and ET processes in
Ir(ppy)3 though a differential equation governing the time,
t, and space, x, dependence of the exciton population,
n(x, t), in the Ir(ppy)3 film:

d

dt
nðxÞ ¼ � 1

s
�nðxÞ þ L2

D

d2

dx2
nðxÞ

� �
; 0 6 x < L� LET

ð4Þ

where L is the total thickness of the Ir(ppy)3 film and x = L

is the Ir(ppy)3/QD interface. For the film region compris-
ing x P L � LET, we assume that any non-zero value of
n is instantly lost due to ET to QD film. We further assume
that initially, at t = 0�, the film is uniformly excited and a
moment later, at t = 0+, for xP L � LET, all of the exciton
concentration is lost to ET. (Because the film absorbs less
than 20% of the incident excitation light, the error incurred
in assuming uniform excitation is small.) Subsequently, the
system evolves following Eq. (4) with diffusion current
through the x = L � LET plane comprising the Ir(ppy)3

excitons lost to ET due to diffusion. We perform a discrete
time numerical calculation of two functions of this system:
the number of emitted photons per time step, nPL(t), and
the number of energy transferred excitons per time step,
nET(t). Setting L = 40 nm, LET = 1.0 nm and s = 610 ns
we find that for a 21% Ir(ppy)3 quenching fraction, we ob-
tain LD = 8.1 nm. In Fig. 3 we plot the associated fits (grey
lines). The nPL(t) function provides the fit to the Ir(ppy)3

PL in sample III. To fit the QD PL in sample III, we scale
the nET(t) function by 0.6 relative to the Ir(ppy)3 PL curve
(to reflect the reduced PL efficiency of QDs as compared to
Ir(ppy)3 and the spectral collection window) and add to it
the QD PL observed in sample II, which provides the PL
due to direct excitation of the QD film. For comparison,
a single exponential decay with s = 610 ns is plotted besides
Ir(ppy)3 PL of sample I (data set A).
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The model generated PL time dependence is consistent
with both the Ir(ppy)3 and QD time dependent PL inten-
sity from sample III. For the Ir(ppy)3 PL (data set B), the
deviations mainly occur at longer times (t > 2000 ns)
where the single exponential character of the intrinsic
Ir(ppy)3 PL is no longer valid. For the QD PL (data set
D), the fit agrees to within the experimental error at all
times. The fit suggests that the QD PL is initially due
to both PL of QDs excited by incident light and PL of
QDs excited by ET from Ir(ppy)3. At later times
(t > 150 ns) the QD PL dynamics are due entirely to the
Ir(ppy)3 exciton diffusion process. We also note that the
value of LD = 8.1 nm obtained from the fit is comparable
to exciton LD values measured in other molecular organic
thin film systems [28,29].

By considering the scaling factor required to fit the QD
PL in sample III (data set D) we can calculate the PL effi-
ciency of the QD film. Due to the measurement windows
utilized in generating the intensity profiles in Fig. 3, the
Ir(ppy)3 PL curve (comprising the signal between
k = 511 nm and k = 568 nm) reflects 0.59 of the total
Ir(ppy)3 spectral intensity, while the QD PL curve (com-
prising the signal between k = 600 nm and k = 656 nm)
reflects 0.86 of the total QD spectral intensity. Conse-
quently, transferring Ir(ppy)3 excitons to the QD layer
should yield a corresponding increase in QD PL curve
equal to 0.86/0.59 = 1.46 times the loss in Ir(ppy)3 photons
for equal quantum efficiencies. Since we fit our QD PL data
by scaling the nET(t) curve down by 0.6 relative to the
Ir(ppy)3 fit, this implies the quantum efficiency, gQD, of
the QD film is 0.6/1.46 = 0.41 times the Ir(ppy)3 quantum
efficiency, yielding gQD = 0.41 · 0.15 = 0.06, which is con-
sistent with typical thin film QD PL efficiencies.

Finally, we note that the model employed here is only
weakly dependent on LET, with the main effect being that
as LET increases, LD decreases because a larger fraction
of the Ir(ppy)3 photons are instantly quenched and there-
fore less diffusion is required to obtain the desired 21%
total quench. In the rather extreme case where LET = 5 nm,
the data can still be roughly fit by setting LD = 4.0 nm,
yielding a corresponding calculation of gQD = 0.12. Indeed,
we find that this model produces a similar time dependence
to the Ir(ppy)3 PL quench and QD PL enhancement for a
wide range of LET values. Consequently, on the basis of
only the experiments shown here, it is not possible to con-
clusively identify the dominant ET mechanism (e.g., Dexter
or Förster).

In conclusion, we report an increase in the PL intensity
and an increase in PL lifetime for a CdSe/ZnS QD thin film
due to exciton ET from a phosphorescent molecular organic
film. The observed ET dynamics are self-consistently
explained by a simple numerical model that combines exci-
ton diffusion in the Ir(ppy)3 film with short-range ET from
Ir(ppy)3 to the QD layer. The demonstrated transfer of
triplet excitons to luminescent QDs could benefit the devel-
opment of QD optoelectronic technologies, such as QD-
LEDs.

1. Experimental

Thermal deposition of the organic films was performed
at a rate of �0.2 nm/s and a chamber pressure of
<2 · 10�6 Torr. CdSe/ZnS QDs were prepared using a pro-
cedure similar to that described in [4]. Prior to the thin film
deposition the glass substrates were cleaned by a multiple
step solvent cleaning process using Micro 90, acetone and
isopropanol. To prevent exposure to an ambient environ-
ment during measurements, samples were packaged inside
a nitrogen glovebox using a glass coverslip and UV-curing
epoxy.

In the time resolved photoluminescence measurement
the excitation source was k = 395 nm wavelength laser
light with 200 fs pulse width and 100 kHz repetition rate
obtained by frequency doubling the output of a Coherent
Ti-Sapphire laser. Photoluminescence was collected with a
Hamamatsu C4780 picosecond fluorescence lifetime sys-
tem consisting of a C4334 streak camera and a C5094
spectrograph. The light collection scheme consisted of
two lenses, one collecting luminescence from a sample
and the other focusing it onto a detector slit. Laser beam
was incident on the sample at approximately 60� angle
away from the normal, and the collecting lens was aligned
normal to the sample. All three samples were excited with
a constant laser power of 33 mW/cm2 without altering the
collection geometry, allowing a relative comparison of PL
intensities. All measurements were performed at room
temperature.
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ABSTRACT

We demonstrate a hybrid inorganic/organic light-emitting device composed of a CdSe/ZnS core/shell semiconductor quantum-dot emissive
layer sandwiched between p-type NiO and tris-(8-hydroxyquinoline) aluminum (Alq 3), as hole and electron transporting layers, respectively. A
maximum external electroluminescence quantum efficiency of 0.18% is achieved by tuning the resistivity of the NiO layer to balance the
electron and hole densities at quantum-dot sites.

Advances in the chemical synthesis and processing of
colloidal semiconductor quantum dots (QDs) combined with
the unique emissive properties of these inorganic nano-
materials have triggered the development of QD light-
emitting devices (QD-LEDs). Recent works have focused
on the choice of adequate electron- and hole-transporting
layers to realize high-performance QD-LEDs emitting in the
near-infrared and visible spectral ranges.1-5 To date, the most
efficient QD-LED reported5 in the visible spectrum was a
hybrid QD/organic device composed of a monolayer of
closely packed CdSe/ZnS core/shell QDs sandwiched be-
tween organicN-N′-diphenyl-N,N′-bis(3-methylphenyl)-1-
1′biphenyl-4,4′diamine (TPD) and tris(8-hydroxyquinoline)
aluminum (Alq3) hole and electron transporting layers,
respectively. At video brightness, the external electrolumi-
nescence (EL) quantum efficiency (ηEL) of these devices was
∼2%.5 To be applicable in display and lighting applications,
QD-LEDs not only must be efficient but must also have long
operating lifetimes. The lifetime of a typical ITO\TPD\QD\
Alq3\Mg:Ag\Ag device is limited, as in OLEDs, by the
degradation of the organic layers under moisture and oxygen
and the instability of the metal contacts.6,7

In this work, we explore the possibility of replacing the
TPD film with a high-band-gap (>3 eV) inorganic hole-

transporting layer that is chemically and electrically more
stable. NiO has been selected from band-offset considerations
(relative to CdSe QDs), ease of deposition, and its chemical
compatibility with the CdSe QDs. Additionally, early studies
have shown that transparent p-type NiO thin films can be
obtained by near-room-temperature reactive sputtering of
NiO or Ni targets and can be used as hole-transporting/
injecting layers in electro-optical devices.8-10 The QD-LED
structure we investigate is sketched in the band diagram in
Figure 1a with a NiO hole-transporting layer and an Alq3

electron-transporting layer sandwiching the QD lumophores.

The quenching of QD electroluminescence by the high
density of free charge carriers in NiO and the balance11-14

of electron and hole currents are two crucial challenges that
have to be overcome in order to build efficient NiO QD-
LEDs.

We first address the quenching mechanism by observing
that photoluminescence intensities of single QDs deposited
onto resistive (F ≈ 1 Ω‚cm) NiO thin films remain high, in
contrast to quenched photoluminescence of single QDs
deposited onto highly conductive (F ≈ 5 × 10-4 Ω‚cm) NiO
thin films. The same observation was made for a 30-nm-
thick close-packed QD film deposited by spin-coating onto
resistive and highly conductive NiO. These observations are
consistent with early theoretical and experimental works,15-19

which demonstrated that photoluminescence quenching of
organic and inorganic lumophores by a conductive dielectric
via an energy-transfer process can be tuned by controlling
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the chromophore-dielectric distance and by tuning the
electrical permittivity of the dielectric, which in our study
changes with the hole density in the NiO layer. In the case
of EL, upon an applied voltage, accumulation of holes around
the QD layer, due to the presence of energy barriers, will
induce fluctuations in the local hole density, which could
affect the quenching of the EL from QDs. However, we
believe that the-0.1 and 1 eV band offsets (Figure 1a) at
the NiO/QD and QD/Alq3 interfaces should easily facilitate
hole injection into the QDs and Alq3 (in forward bias) and
that a drastic change in the local hole density is unlikely to
occur.

Second, we show below that the control of the oxygen
concentration inside the sputtering chamber during the
sputtering step enables us to accurately tune the resistivity
of the NiO films and improve the charge balance inside our
devices.

In the following sections, we start by describing the
fabrication process of the NiO QD-LEDs. We then show
that space-charge-limited conduction is the dominant charge
conduction mechanism and demonstrate thatηEL up to 0.18%
can be achieved in our devices.

The NiO QD-LEDs were fabricated as follows: Prior to
the deposition of the NiO thin films, ITO precoated (150
nm thick) glass substrates (with sheet resistance of 30Ω
per square) were cleaned via sequential ultrasonic rinses in
detergent solution, deionized water, and acetone and then
boiled in isopropanol for 5 min. After cleaning, the glass
substrates were dried in nitrogen and exposed to UV-ozone

to eliminate any adsorbed organic materials. They were then
inserted into a nitrogen glove box, which is connected to a
sputtering and evaporation chamber via a high vacuum
transfer line. In the sputtering chamber, a 30-nm-thick NiO
thin film was deposited by reactive RF magnetron sputtering
of a NiO target in an Ar/O2 gas mixture. For our most
efficient QD-LED described in this paper, the base pressure
before sputtering was 10-7 Torr, the RF power was fixed at
200 W, the plasma pressure was 6 mTorr, and the ratio
between the O2 and Ar gas flow rates was 2.5%, which, with
our sputtering geometry, resulted in a NiO deposition rate
of 0.03 nm/s. With the above deposition parameters, the NiO
thin films showed p-type conductivity with resistivity ofF
) 5 Ω‚cm (sheet resistance of 2 MΩ per square), and optical
transmission of 80% atλ ) 625 nm (center of the QD
emission peak). The resistivity of the p-type NiO thin films
is tuned accurately by varying the ratio between the O2 and
Ar flow rates: higher oxygen concentration in the sputtering
chamber gives lower resistivities. For instance, increasing
the oxygen to argon gas ratio from 2.5% to 10% decreases
the resistivity of NiO films fromF ) 5 Ω‚cm to F ) 5 ×
10-4 Ω‚cm. AFM characterizations of the ITO/NiO surface
reveals a rrms surface roughness of∼2 nm. The surface
roughness comes mainly from the∼150-nm-thick com-
mercial ITO films. Indeed, AFM images of a 30-nm-thick
NiO thin film sputtered (with the same deposition param-
eters) onto a flat glass substrate reveal an rms surface
roughness of 0.3 nm. Of paramount importance, the NiO
films were also highly stable in air and in the presence of
the organic solvents used during chemical processing of the
QDs.

The glass/ITO/NiO substrates were transferred back into
the glove box where they were coated with a 20-nm-thick
layer of CdSe/ZnS core/shell QDs that was spun-cast out of
chloroform. The thickness of the spun-cast QD films can be
tuned by varying the QD concentration in chloroform and/
or the spin speed during the spin-coating process. The
substrates were then transferred, without exposure to air, into
the evaporation chamber, and a 40-nm-thick Alq3 electron-
transporting layer was evaporated at 10-6 Torr, at a deposi-
tion rate of∼0.2 nm/s. A 100-nm-thick Ag/Mg (1/10 by
weight) and 30-nm-thick Ag electron-injecting electrode were
then evaporated through a shadow mask, forming 1-mm-
diameter circular electrodes. The freshly made QD-LEDs
were removed from the integrated deposition system, without
packaging, and immediately tested in air.

Two sets of devices, withF1 ) 5 Ω‚cm (high-resistivity
NiO) and F2 ) 10-2 Ω‚cm (low-resistivity NiO), were
investigated in this paper. Typical forward biased current-
voltage (I-V) characteristics for the two sets of devices
(measured with respect to the grounded Ag cathode) are
plotted in Figure 1b. The open square and open circle curves
are typical I-V curves for the high- and low-resistivity
devices, respectively. For both sets of devices,J ∝ Vn with
1 < n < 1.5 below∼6 V and 6< n < 7 at higher voltages.
Here,n is the signature of the charge conduction mechanism
and is related to the temperature and to the density and energy
distribution of trap states in the organic or inorganic

Figure 1. (a) Proposed band diagram of a NiO QD-LED. (b)
Forward-biased current-voltage characteristics for NiO QD LEDs
constructed with high-resistivity (open squares) and low-resistivity
(open circles) NiO HTLs. The contact area is 0.78 mm2 for both
devices. Inset: schematic representation of the QD-LED structure.
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materials. TheseI-V curves are consistent with previous
reports of trap-assisted space-charge-limited conduction in
both CdSe/ ZnS4 close packed films and OLEDs.20,21 The
turn-on voltage, defined as the minimum voltage for which
EL can be detected from the devices with an Ocean Optics
(SD 2000) spectrometer, is between 6 and 7 V for both sets
of devices. The maximum steady-state current densities
achieved in the high- and low-resistivity devices are 300 mA/
cm2 and ∼4000 mA/cm2, respectively. At these current
densities, 6× 106 and 8 × 107 carriers per second,
respectively, can be injected into each QD within the
luminescent QD layer. Because the single exciton recombi-
nation time in a QD ise10 ns,22,23 at these current levels
the maximum exciton density per QD is 3% and 40% for
the high- and low-resistivity devices, respectively.

Figure 2 shows the EL spectrum of a NiO QD-LED,
containing a resistive NiO layer (F1 ) 5 Ω‚cm), at a current
density of 200 mA/cm2. The 30 nm fwhm QD emission peak
centered atλ ) 625 nm dominates the EL spectrum. The
broader shoulder centered atλ ) 530 nm is due to a weak
Alq3 emission. The 1 eV band offset (Figure 1a) between
the HOMO levels of CdSe QDs and Alq3 enables hole
injection into the Alq3 film. The inset in Figure 2 shows the
evolution ofηEL as a function of current density for the same
device. The efficiency is calculated as the ratio between the
measured photocurrent (measured with a calibrated silicon
photodetector) and the total injected current into the device.
A maximumηEL of 0.18% and brightness of up to 3000 cd/
m2 are achieved for most of the high-resistivity devices.

Figure 3 illustrates the negative impact of low-resistance
NiO (10-2 Ω‚cm) on the QD-LED EL spectrum for the
second set of devices. In contrast to the device in Figure 2,
nearly 50% of the detected EL comes from the Alq3 layer
for current densities lower than 300 mA/cm2. This effect is
attributed to (i) the imbalance of electron and hole injection
at QD sites due to the highly doped NiO thin films, which
decreases the exciton density per QD, and (ii) the quenching
of the QD layer by the free holes in NiO via energy transfer.
Additionally, previous studies on the pholuminescence

intermittency of single CdSe QDs24-27 and charging28 of self-
assembled CdSe QD films have shown that a charged QD
(i.e., a QD with an excess of holes or electrons) is non-
emissive because of ultrafast (∼100 ps) nonradiative
Auger29-30 processes. Furthermore, the increased hole density
shifts the exciton recombination region into the Alq3 layer,
which leads to more emission from the organic layer. At
1.5 A/cm2, 85% of the EL originates from the QDs. The
increase in the QD spectral contribution with current is due
to a 60% decrease in the Alq3 emission from 600 mA/cm2

to 3000 mA/cm2 combined with a 50% increase in the QD
emission. Figure 3b illustrates the evolution of the integrated
areas below the Alq3 and QD EL peaks, respectively. The
solid triangle curve summarizes the evolution of the spectral
contribution (in %) of the QDs to the EL spectrum as a
function of current density. A 5 nm redshift is noticeable in
the EL spectrum at 1.5 A/cm2. We speculate that this is due
to a Stark effect from high local fields at high current
densities.

Finally, as a consequence of quenching and charge
imbalance,ηEL < 10-3 % for most of the devices using low-
resistivity NiO.

In conclusion, we have fabricated QD-LEDs using p-type
NiO films as hole-transporting layers. Careful optimization
of the NiO thin film resistivity has enabled us to (i) reduce
the quenching of QD luminescence (ii) improve the charge

Figure 2. EL spectrum of a NiO QD-LED taken from a high-
resistivity NiO device at a current density of 200 mA/cm2. More
than 95% of the EL originates from QD luminescence. The
resistivity of the NiO thin film is 5Ω‚cm. The fwhm of the QD
emission peak is 30 nm. The spectral shoulder atλ ) 530 nm is
due to Alq3 emission. Inset: external electroluminescence quantum
efficiency vs current density for the same NiO QD-LED.

Figure 3. (a) EL spectra of a NiO QD-LED at 300 mA/cm2 (stars)
and 1500 mA/cm2 (solid line) using a film with a resistivity of
10-2 Ω‚cm. (b) Contribution (solid triangles) of the QD electro-
luminescence to the EL spectrum versus current density. Integrated
areas below the Alq3 (open circles) and QD (open diamonds)
emission peaks, in arbitrary units, as a function of the current
density.
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balance inside the device and (iii) reach QD-LED external
quantum efficiencies of 0.18%. The present QD-LEDs are
less efficient than the best reported QD-LEDs that utilize
TPD hole transport layer. In contrast to earlier studies,
however, this work utilizes more stable metal oxide films.
Furthermore, we believe that we have not yet reached the
limit of device optimization because we speculate that a large
fraction of the injected current is shunted through the device
due to the roughness of the ITO/NiO sputtered interface.
With a smoother ITO/NiO interface, we expect to increase
the QD-LED efficiency due to the reduction of shunt currents
from direct contacts between ITO/NiO spikes and the Alq3

layer. Finally, the use of a stable inorganic material as the
hole-injection layer enables deposition of QDs by spin-
casting or even inkjet-printing out of organic solutions. This
is in contrast to solvent-sensitive organic thin films, which
require more complicated stamping deposition techniques.31

Consequently, the introduction of metal oxides has expanded
and simplified the fabrication process of QD-LEDs.
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Semiconductor nanocrystals (NCs) or quantum dots (QDs)
show great promise for use in QD-LED (quantum dot light-
emitting device) displays, owing to their unique optical
properties and the continual development of new core and
core–shell structures to meet specific color needs.[1–10] This in
combination with the recent development of more efficient
and saturated QD-LEDs as well as new QD-LED fabrication
techniques,[11,12] suggests that QD-LEDs have the potential to
become an alternative flat-panel display technology. The ideal
red, green, and blue emission spectrum of an LED for a
display application should have a narrow bandwidth and a
wavelength such that its color coordinates on the Commission
Internationale de l+Eclairage (CIE) chromaticity diagram lie
outside the current National Television System Committee
(NTSC) standard color triangle (see Figure 2). For a Gaussian
emission spectrum with a full width at half maximum
(FWHM) of 30 nm and a maximized perceived power, the
optimal peak wavelength for display applications is l= 610–
620 nm for red, l= 525–530 nm for green, and l= 460–
470 nm for blue. For the red pixels, wavelengths longer than
l= 620 nm become difficult for the human eye to perceive,
while those shorter than l= 610 nm have coordinates that lie
inside the standard NTSC color triangle. Optimization of
wavelength for the blue pixels follows the same arguments as
for the red pixel, but at the other extreme of the visible
spectrum. For green pixels, l= 525–530 nm provides a color

triangle with the largest area on the CIE chromaticity
diagram (and therefore the largest number of colors acces-
sible by a display). Wavelengths longer than l= 530 nm make
some of the blue/green area of the triangle inaccessible.
Wavelengths shorter than l= 525 nm compromise the yellow
display emissions.

To date, efficient red-emitting QD-LEDs with a peak
emission wavelength optimized for display applications have
been realized using (CdSe)ZnS core–shell NCs,[11,13] while
blue QD-LEDs with a peak wavelength of emission opti-
mized for display applications have been realized with a
(CdS)ZnS core–shell material.[10] To date, although efficient
green-emitting core–shell semiconductor NCs that emit at l=

525 nm have been synthesized, they have not been success-
fully incorporated into a QD-LED suitable for display
applications. Previous work using (CdSe)ZnS core–shell
NCs gave QD-LEDs that emit at wavelengths no shorter
than l= 540–560 nm.[13, 14] Using (CdSe)ZnS core–shell NCs
to achieve l= 525 nm emission requires making small CdSe
cores (� 2.5 nm in diameter).[15, 16] Such small CdSe semi-
conductor NCs can be difficult to synthesize with narrow size
distributions and high quantum efficiencies, and are also more
difficult to process and overcoat with a higher-band-gap
inorganic semiconductor, which is necessary for incorporation
into solid-state structures. A core–shell composite, rather
than an organically passivated NC, is desirable in a solid-state
QD-LED device owing to the enhanced photoluminescence
and electroluminescence (EL) quantum efficiencies of core–
shell NCs and their greater tolerance to the processing
conditions necessary for device fabrication.[13,15–20] Larger
NCs are also more desirable for use in QD-LEDs because the
absorption cross section of NCs scales with size. Larger NCs
with larger absorption cross sections lead to an increase in the
efficiency of F?rster energy transfer from electroluminescing
organic molecules to NCs in a working QD-LED, which in
turn leads to more efficient devices.

Herein, we report the synthesis of a CdxZn1�xSe alloy core
on which we then grew a CdyZn1�yS shell to create a core–
shell NC material with the ideal spectral characteristics for
green emission in a QD-LED display and with a size large
enough for fabricating a working QD-LED. Our CdxZn1�xSe
core synthesis was based on work recently published, in which
Cd and Se precursors were slowly introduced into a growth
solution of ZnSe NCs.[1,2] A three-step synthetic route was
employed to prepare the (CdxZn1�xSe)CdyZn1�yS core–shell
NCs. In the first step, ZnSe NCs were prepared by rapidly
injecting 0.7 mmol of diethylzinc (Strem) and 1 mL of tri-n-
octylphosphine selenide (TOPSe; 1m) dispersed in 5 mL of
tri-n-octylphosphine (TOP; 97% Strem) into a round-bottom
flask containing 7 grams of degassed hexadecylamine (dis-
tilled from 90% Sigma–Aldrich) at 310 8C and by then
growing the NCs at 270 8C for 90 min. The second step
consisted of transferring 8 mL of the above ZnSe NC growth
solution, at 160 8C, into a degassed solution of 16 grams of tri-
n-octylphosphine oxide (TOPO; distilled from 90% Sigma–
Aldrich) and 4 mmol of hexylphosphonic acid (HPA; Alfa
Aesar), also at 160 8C. A solution of 1.1 mmol of dimethyl-
cadmium (Strem) and 1.2 mL of TOPSe (1m) dispersed in
8 mL of TOP (97 % Strem) was then introduced dropwise
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(1 drop/� 2 s) into the ZnSe NC growth solution/TOPO/HPA
mixture at 150 8C. The solution was then stirred at 150 8C for
46 h. Before overcoating the CdxZn1�xSe cores with
CdyZn1�yS, the CdxZn1�xSe cores were isolated by precipita-
tion out of solution twice with a miscible non-solvent. In the
third step, the CdyZn1�yS shell was grown by introducing
dropwise a solution of dimethylcadmium (20 % of total
required moles of cation; Strem), diethylzinc (Strem), and
hexamethyldisilathiane (Fluka) in 8 mL of TOP into a
degassed solution of 10 grams of TOPO (distilled from 90%
Sigma–Aldrich) and 2.4 mmol of HPA (Alfa Aesar), which
contained the core CdxZn1�xSe NCs, at 150 8C (the
CdxZn1�xSe cores dispersed in hexane were added to the
degassed TOPO/HPA solution and the hexane was removed
at 70 8C under vacuum prior to the addition of the shell
precursors).

To fully characterize our CdxZn1�xSe core material,
aliquots were sampled from the growth solution at time t=
7, 60, and 2760 min (46 h) and analyzed with transmission
electron microscopy (TEM), wavelength dispersive spectros-
copy (WDS), and absorption and fluorescence spectropho-
tometry. Figure 1a shows the absorption and emission spectra
of these three aliquots as well as the absorption spectrum of
the starting ZnSe NCs (2.6� 0.5 nm in diameter, as deter-
mined by TEM). Over time the absorption and emission
spectra shift to the red and the broad trap emission diminishes
after 46 h of growth (Figure 1a, spectrum 4), yielding particles
approximately 3 nm in diameter. Upon overcoating the cores
of CdxZn1�xSe with CdyZn1�yS, the trap emission was com-
pletely suppressed, yielding an efficient (quantum yields of
50–60%),[21] saturated (FWHM = 30 nm), green-emitting
core–shell material (� 4 nm in diameter) suitable for QD-
LED display applications (Figure 1b). An alloyed material
for the shell was used to minimize lattice mismatch with the
CdxZn1�xSe core.

Table 1 shows the growth time (t= 0, 7, 60, and 2760 min)
of each aliquot, the average outer diameter determined by
TEM, the Zn to Cd ratio determined by WDS, the measured
first absorption peak, and calculated alloy (CdxZn1�xSe) and
core–shell ((ZnSe)CdSe core-shell) wavelengths based on the
observed Zn to Cd ratios. We see from the raw data that as the
reaction proceeds, the first absorption peak shifts to the red,
the Zn to Cd ratio decreases, and the diameter of the particles
increases. It is important to note that there is
a relatively large increase in particle diame-
ter from t= 7 to t= 60 min of growth, fol-
lowed by a negligible increase in diameter
from t= 60 to t= 2760 min (46 h). This small
change in diameter is accompanied by a
relatively large change in the Zn to Cd ratio
as well as a relatively large shift of the first
absorption peak to the red. This situation
suggests that at t= 7 min the structure is most
likely a (ZnSe)CdSe core–shell structure and
that for t> 7 min the structure becomes a
CdxZn1�xSe alloy, as a result of the migration
of cations in the material.[3] It is of note that a
decrease in particle diameter is initially
observed following the introduction of neat

hexadecylamine ZnSe growth solution (2.6� 0.5 nm in diam-
eter) into TOPO/phosphonic acid solution at 160 8C after
about 2/3 of the Cd and Se precursors have been added (7 min
aliquot, 1.9� 0.3 nm in diameter). This particle etching is
plausible based on the large excess of acid present in the
solution.

Figure 1. a) Normalized absorption (solid) and emission (dashed)
spectra of the core NCs over time: 1) Starting ZnSe NCs (first
absorption peak at 350 nm); 2) Aliquot taken out after 7 min of growth
(first absorption peak at 413 nm; emission peak at 439 nm); 3) Aliquot
taken out after 60 min of growth (438 nm; 475 nm); 4) Aliquot taken
out after 46 h of growth (470 nm; 506 nm (FWHM=34 nm)).
b) Absorption (black) and emission (green) spectra of
(CdxZn1�xSe)CdyZn1�yS core–shell NCs. The emission peaks at 520 nm
with a FWHM of 30 nm, and the first absorption feature is at 495 nm.
The inset shows the bright, color saturated, green emission from the
NCs upon excitation with a UV lamp.

Table 1: Experimental data and the results of effective-mass-approximation calculations of the first
transition energy of alloyed (CdxZn1�xSe) versus core–shell (ZnSe)CdSe NCs.

Growth
time
[min][a]

Outer
diameter
[nm][b]

Zn/Cd[c] Absorption
wavelength
[nm][d]

Calculated alloy
wavelength
[nm]

Calculated core–
shell wavelength
[nm]

Inner
diameter
[nm][e]

0 2.6�0.5 350
7 1.9�0.3 0.33 413 324 416 0.65
60 3.1�0.5 0.18 438 477 509 1.64
2760 3.2�0.5 0.08 470 505 534 1.35

[a] Time from when the Cd and Se precursors were introduced into the flask containing the ZnSe NCs to
when the aliquot was removed from the flask (complete addition of the Cd and Se precursors occurred at
9.5 min). [b] Measured from TEM. [c] Measured fromWDS. [d] First absorption feature from absorption
spectra shown in Figure 1a. [e] Calculated from the Zn/Cd ratio and the known outer NC diameter from
TEM measurements. This parameter is relevant only for the core–shell calculations, while the alloy
results depend only on the outer diameter.
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To help confirm our analysis of the NC morphology
(CdxZn1�xSe alloy versus (ZnSe)CdSe core–shell) we per-
formed calculations whose results are summarized in Table 1.
The energies of an electron and hole within an alloyed or a
core–shell semiconductor NC were calculated using the
effective-mass approximation.[22, 23] These calculations used
electron and hole effective masses and band gaps optimized to
match reported experimental results for both pure CdSe and
ZnSe NCs.[24–26] We performed two sets of calculations using
these optimized parameters to represent an alloyed material
or a strict core–shell structure. To model an alloyed NC we
adjusted the optimized band gap and electron/hole effective
masses by a linear interpolation of the parameters for the
pure materials based upon the experimentally determined
stoichiometry (i.e., Zn to Cd ratio determined by WDS,
shown in Table 1). To model a core–shell structure, we used
the measured stoichiometry to determine the core radius and
calculated the lowest electron and hole energies of a material
with a ZnSe core, CdSe shell, and organic capping layer which
has a high band offset (5 eV) for the electron and hole. The
lowest transition energy is then determined by adding the
electron and hole energies to the optimized band gap[26] along
with the Coulombic binding energy of the electron and hole as
determined from perturbation theory.[27] It can be seen that
the calculated first transition energy for a core–shell structure
is a good match for the NC material after the initial (7 min
aliquot) exposure to the Cd and Se precursors. After
prolonged (> 1 h) exposure, the trends in our calculations
suggest that an alloyed structure better matches the exper-
imental results, while a core–shell material has a first
absorption that is too low in energy. These results suggest
that an alloy better represents the electronic structure of our
materials.

The (CdxZn1�xSe)CdyZn1�yS core–shell NCs were isolated
by precipitation out of solution twice with a miscible non-
solvent and then filtered through a 0.2 mm syringe filter before
use in device fabrication. QD-LED fabrication consisted of
first thermally evaporating 4,4’-N,N’-dicarbazolyl-biphenyl
(CBP) (hole transport layer (HTL)) onto an indium tin
oxide (ITO) coated glass substrate at < 5 G 10�6 torr. The QD
monolayer, under air-free conditions, was then deposited onto
the organic thin film of CBP using micro-contact printing. The
substrate was then transported back into the thermal evap-
orator without exposure to air, where the hole blocking layer
(HBL), 3-(4-biphenyllyl)-4-phenyl-5-tert-butylphenyl-1,2,4-
triazole (TAZ), and then the electron transporting layer
(ETL), tris(8-hydroxyquinoline)aluminum (Alq3), were
deposited. Finally the metal cathode (50 nm thick Mg:Ag,
50:1 by weight, 50 nm Ag cap) was thermally evaporated
through a shadow mask to define devices of 1 mm in diameter
(see Figure 2a for a diagram of the assembled device
structure).

Figure 2a shows the EL spectrum of a typical green-
emitting QD-LED. The small peak in the EL spectrum at l=

380 nm is CBP emission, which is only 2.6% of the total
emission from the device, the rest being QD emission. When
the EL spectrum shown in Figure 2a is transformed into its
corresponding CIE chromaticity diagram color coordinates
(CIEx= 0.21 and CIEy= 0.70) we see that it lies far outside of

the standard NTSC color triangle (Figure 2 b). This shows that
using these saturated green-emitting QD-LEDs for a display
would provide a significantly larger color triangle on the CIE
chromaticity diagram. Figure 3 shows a plot of the external
quantum efficiency (EQE) for the device versus current
density (J) as well as the current–voltage plot. These devices
show low operating voltages (< 10 V) and peak EQEs of
0.5%.

Figure 2. a) The electroluminescence (EL) spectrum for the device:
ITO/HTL/(CdxZn1�xSe)CdyZn1�yS QD monolayer/HBL/ETL/Mg:Ag/Ag
(assembled device structure is shown in the inset on the right; see
text for details). The emission of the QD-LED peaks at 527 nm with a
FWHM of 35 nm. The inset on the left is a photograph of the working
green QD-LED. b) The EL spectrum shown in (a), transformed into its
CIE chromaticity diagram color coordinates. The standard NTSC color
triangle is shown for comparison.

Figure 3. External quantum efficiency (EQE) versus current density ( J)
for the device (assembled device structure is shown in the inset on the
right of Figure 2a). The inset shows the current–voltage curve.
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In summary, we have synthesized CdxZn1�xSe alloy core
nanocrystals and overcoated these nanocrystals with
CdyZn1�yS to create core–shell nanocrystals with the ideal
wavelength of emission for QD-LED displays. We have used
these (CdxZn1�xSe)CdyZn1�yS core–shell nanocrystals to fab-
ricate color-saturated green-emitting QD-LEDs, suitable for
display applications.
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ABSTRACT

We demonstrate light emitting devices (LEDs) with a broad spectral emission generated by electroluminescence from a mixed-monolayer of
red, green, and blue emitting colloidal quantum dots (QDs) in a hybrid organic/inorganic structure. The colloidal QDs are reproducibly synthesized
and yield high luminescence efficiency materials suitable for LED applications. Independent processing of the organic charge transport layers
and the QD luminescent layer allows for precise tuning of the emission spectrum without changing the device structure, simply by changing
the ratio of different color QDs in the active layer. Spectral tuning is demonstrated through fabrication of white QD-LEDs that exhibit external
quantum efficiencies of 0.36% (Commission Internationale de l’Eclairage) coordinates of (0.35, 0.41) at video brightness, and color rendering
index of 86 as compared to a 5500 K blackbody reference.

The high luminescence efficiency and the narrow spectral
emission of colloidally synthesized quantum dots (QDs)1

enabled their use in light emitting devices (LEDs)2,3 to
fabricate planar light sources of high color saturation. In this
report we demonstrate that by combining multiple QD
lumophores in a diode junction device, an arbitrarily broad
electroluminescence spectrum can also be generated, with
precisely controlled relative intensities of the constituent
spectral components.

Previous reports on efficient monochrome QD-LEDs
utilized QD lumophores embedded in organic semiconductor
charge transport layers to generate saturated color red, green,
and blue (RGB) QD-LEDs with peak efficiencies of 2.0%,
0.5%, and 0.2%, respectively.2-6 Monochrome QD-LEDs
with lower efficiencies have also been fabricated using
inorganic transport layers, which replaced some of the
environmentally sensitive organic films.7,8 For white color
generation, QD lumophores were utilized as a replacement
for red9,10 or green11 color components in white-light LEDs
employing organic emitters. A broad spectral emission using
a mixture of QDs has also been demonstrated using red,
green, and blue emitting dots embedded in poly(lauryl
methacrylate)12 with a blue GaN or Hg vapor lamp for

excitation. White light photoluminescence from QDs was
also obtained by Bowers et al.13 and Chen et al.14 in devices
in which deep trap QD luminescence was photoexcited by
an external ultraviolet LED. However, deep trap emitters,
generally defective CdS or ZnSe QDs, are only weakly
luminescent, and the defect trap states on QD lumophores
are poorly characterized and not easily reproducible from
one synthesis to the next. Using three types of QDs as
emitters in an electrically driven structure has been previously
reported as preliminary work in our group,15 and as a parallel
effort by Li et al.16 but with efficiencies of more than a factor
of 4 lower.

The goal of the present work is to demonstrate reproduc-
ible and efficient spectrally broad electroluminescent QD-
LEDs with spectral emission tunable across the CIE (Com-
mission Internationale de l’Eclairage) color space. We
demonstrate that the electroluminescence spectrum can be
precisely tuned in diode junction devices in which the mixed
color electroluminescence is derived from a single QD
monolayer containing QDs of multiple colors. To demon-
strate spectral tunability, we adjust the relative concentrations
of QD components in the QD monolayer to obtain white
light emitting QD-LEDs with a high color rendering index.

Our devices consist of an indium tin oxide (ITO) anode
on top of a glass substrate with a layer of conducting polymer
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) PE-
DOT:PSS as the hole injection layer, a 40 nm thick hole

† These authors contributed equally to this work.
‡ Laboratory of Organic Optics and Electronics, Department of Electrical
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§ Department of Chemistry.
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transporting layer ofN,N′-bis(3-methylphenyl)-N,N′-bis-
(phenyl)benzidine (TPD), an emissive monolayer of colloidal
QDs, a 27 nm thick hole blocking layer of 3,4,5-triphenyl-
1,2,4-triazole (TAZ) (that limits exciton formation to near/
at QD sites), a 20 nm thick electron transporting layer of
tris(8-hydroxyquinoline) aluminum (Alq3), and a 100 nm
thick cathode of magnesium silver alloy, coated with a 20
nm thick silver protective layer (see Figure 1). We use three
types of colloidaly synthesized QDs (see Supporting Infor-
mation) to generate the red, green, and blue spectral
components of the white LED. The red QD solution consisted
of CdSe/ZnS core-shell QDs with a photoluminescence (PL)
peak at wavelengthλ ) 620 nm. The green QD solution
consisted of ZnSe/CdSe alloyed cores overcoated with a shell
of ZnS with a PL peak atλ ) 540 nm. Finally, the blue QD
solution consisted of ZnCdS alloyed QDs with a PL peak at
λ ) 440 nm.

QD solutions for the white QD-LEDs were prepared by
mixing red, green, and blue QD solutions so that the R:G:B
QD ratio in the film is 1:2:10. The R:G:B QD ratio was
chosen in part to compensate for the differences in PL
efficiency of different QD samples. Additionally, QD-to-
QD proximity in the electroluminescent QD monolayer
enables exciton energy transfer from higher energy to lower
energy QDs,17,18 red shifting the overall emission, and
necessitating a higher concentration of blue QDs in the QD
monolayer. Consequently, blue QDs of high luminescence
efficiency are needed for efficient QD-LED operation.

We found that CdSe/ZnS QDs emitting between 550 nm
and 650 nm with a quantum yield (QY) of almost 90%19

produced electroluminescence (EL) devices with external
quantum efficiency (EQE) of∼2% in the orange and red.5

These QDs readily accept excitons transferred from the blue-
and green-emitting transport materials allowing the produc-
tion of bright and efficient QD-LEDs. Core/shell/shell QDs
made from ZnSe/CdSe/ZnS were produced with emission
from 510 to 560 nm with a QY of∼70%,20 enabling devices
with EQE of 0.5%.4 The lower EQE of these green devices
is likely due to the greater difficulty of transferring excitons
from the blue and green emitting transport materials to the
QD monolayer, which does not absorb as strongly at those
wavelengths as do redder QDs. Blue devices were initially
constructed using CdS/ZnS particles, as in previously
published devices;6 however the QY of the QDs after

processing (15%) was not high enough to allow for efficient
blue emission in the film. High QY ZnCdS alloyed QDs were
then synthesized instead and found to emit between 400 and
500 nm with a QY of 40% after processing.21 These materials
were able to produce devices with greater EQE (0.35%) than
previous devices and thus enabled the production of mixed
films with an adequate blue QY to create reasonably efficient
white EL devices. The EQE for the blue devices was still
lower than for the green and red devices, mainly because
resonant energy transfer of excitons from the organic
transport materials is either less efficient, as in the case of
TPD, or impossible, as in the case of Alq3. In this case the
device function is more dependent than the green or red
devices on the ability of the transport materials to directly
inject charge into the band structure of the QDs. Since it is
more difficult to inject holes into the valence band of bluer
QDs, these QDs tend to emit at higher voltages and as a
result the white device CIE shifted to the blue with increased
voltage.

EL spectra for the red, green, blue, and mixed-monolayer
QD-LEDs are measured at near video brightness (Figure 2).
The EL spectra of red and green QD-LEDs correspond to
the color-saturated PL spectra characteristic of colloidal QDs,
with CIE coordinates of (0.65, 0.34) and (0.31, 0.65),
respectively. The blue QD-LED spectrum has a dominant
QD component and weaker Alq3 and TPD emission, con-
sistent with energy transfer22,23 and downconversion of the
deep blue QD luminescence by Alq3 (expected from the
spectral overlap of Alq3 absorption and blue QD PL). In
contrast, spectral overlap of TPD PL and blue QD absorption
is insufficient to provide complete quenching of TPD EL
via energy transfer from TPD to blue QDs. CIE coordinates
of the blue QD-LEDs are (0.19, 0.11). We note that the hole
blocking TAZ layer should physically separate the blue QD
monolayer Alq3 film inhibiting QD-to-Alq3 energy transfer
and Alq3 luminescence. However, the TAZ film is not planar
when grown on the QD monolayer,5,24 allowing pinholes to
form in which some QDs come into contact with the Alq3

film. This contributes to Alq3 EL in blue QD-LEDs.
The emission spectrum of the mixed-monolayer QD-LED

(Figure 2) shows a pronounced contribution of red, green,
and blue QD EL components. The TPD EL signal is largely
quenched due to efficient energy transfer to the red and green
QDs. Alq3 still appears to exhibit a weak spectral feature in

Figure 1. (a) Atomic force microscope phase image of blue QDs forming approximately 1.1 monolayers on top of a 40 nm thick TPD
film. (b) Device cross section of a white QD-LED. (c) Photograph of a white QD-LED in operation with 10 V of applied forward bias.
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the white QD-LED spectrum analogous to the blue QD-
LEDs. The mixed-monolayer QD-LED pixels appear uni-
formly luminescent, look “white” to the eye (Figure 1), with
CIE coordinates (0.35, 0.41) at 9 V applied bias and color
rendering index (CRI) of 86, when compared to 5500 K black
body reference. Such high CRI compares favorably to
conventional white light sources such as “cool white”

fluorescent (CRI) 62), incandescent (CRI) 100), and dye-
enhanced InGaN/GaN solid-state LEDs (CRI> 80).25

The peak EQE of our monochrome QD-LEDs are mea-
sured to be 1.6% at 4.6 V (0.29 mA/cm2) for red devices,
0.65% at 5.2 V (0.63 mA/cm2) for green, and 0.35% at 9.1
V for blue (1.73 mA/cm2) (Figure 3). These values are
consistent with previously reported QD-LEDs,2-6 with our
green and blue QD-LEDs more efficient than those in
previous reports.4,6 The peak EQE of white QD-LEDs is
0.36% at 5.0 V (1.51 mA/cm2) (Figure 3), which corresponds
to 0.9 cd/A and 0.57 lm/W, at a brightness of 13.5 cd/m2.
At 9 V applied bias, and optimal CIE position, the brightness
was 92 cd/m2, with efficiencies of 0.28% EQE, 0.7 cd/A,
and 0.24 lm/W at 13 mA/cm2 current. Maximum brightness
topped 830 cd/m2 at 14 V and 230 mA/cm2.

The significant difference between EQEs of the red, green,
and blue QD-LEDs originates from the difference in the QD
band structures, which affect the two dominant QD excitation
mechanisms in QD-LEDs:

(1) The QD energy band structure alignment with respect
to the electron energy levels of neighboring TPD and TAZ
layers determines the efficacy of electron and hole injection
into the QD layer. From the bulk band structure and electron/
hole masses of the QD materials, we expect that the energy
barrier to hole injection increases for wider band gap QDs
while an electron barrier is nonexistent in all of the structures
(see the QD-LED energy band diagram in inset to Figure
4).

Figure 2. (a) Normalized EL spectra of a white QD-LED for a
set of increasing applied voltages. The relative intensities of red
and blue QD spectral components increase in comparison to the
green QD component at higher biases. (b) Normalized EL spectra
of red, green, and blue monochrome QD-LEDs (red, green, and
blue lines, respectively). (c) CIE coordinates of the red, green, blue
QD-LEDs (triangles). Circle symbols show the evolution of CIE
coordinates and CRI of the white QD-LEDs upon increasing applied
bias.

Figure 3. Current-voltage characteristics (a) and external elec-
troluminescence quantum efficiency (b) measured for red, green,
blue, and white QD-LEDs labeled with red, green, blue and black
lines, respectively. The circled data points indicate device brightness
of 100 cd/m2.
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(2) Resonant exciton energy transfer directs the excitons
to the lowest available energy levels, favoring formation of
the red excitons over the blue ones. For example, excitons
formed on TPD in the vicinity of the QD layer resonantly
transfer their energy to the QDs,23 favoring energy transfer
to red and green QDs over blue QDs due to the enhanced
spectral overlap between TPD PL and QD absorption (see
Figure 4). Also, with imperfections in the TAZ hole blocking
layer, the Alq3 film is in partial contact with the QDs and
can either take energy from the more energetic blue QDs or
transfer it back to red QDs.

In the red QD-LEDs, both direct charge injection and
energy transfer from TPD and Alq3 can contribute to the
high EQEs of these devices. In the green QD-LEDs direct
charge injection could be similar as for red QD-LEDs and
energy transfer from the TPD to green QDs should be
efficient due to the significant overlap of TPD emission and
green QD absorption spectra and less efficient from Alq3 to
green QDs (Figure 4). The lower photoluminescence ef-
ficiency of the green QD solutions used in these experiments
(∼70%) as compared to the red QD solutions (90%) may
also contribute to the lower EQE of green QD-LEDs (Figure
3).

The lower EQEs of the blue QD-LEDs (Figure 3) could
be attributed to the low efficacy of hole injection from TPD
into the blue QDs due to the increased potential barrier at
this junction (see band lineup in inset to Figure 4) or to the
reduced tunneling rate through the organic groups capping
the blue QDs. The reduced hole injection is manifested as
an increase in the turn-on voltage of blue QD-LEDs (Figure
3), leading to an excess electron charging of the QDs, which
reduces the QD PL efficiency.26 Additionally, energy transfer
from the TPD film to blue QDs is not as efficient as that for
red or green QDs (Figure 4), while at the same time blue

QDs can efficiently transfer their excitons to any Alq3

molecules located within the Fo¨rster radius. The imperfec-
tions in the QD monolayer and TAZ film lead to charge
transport directly through the organic layers and exciton
formation within TPD and Alq3 layers. In the case of green
and red QDs, excitons formed in the organic layer can be
resonantly transferred to QDs, but in the case of blue QDs
these excitons radiatively recombine in the organic layer
contributing to TPD and Alq3 spectral features in the QD-
LED EL spectra.

The mixed-monolayer QD-LEDs contain three types of
QDs with different responses to charge injection, leading to
a change in the EL spectrum at different driving conditions.
Figure 2a shows the EL spectrum color shift in a mixed-
monolayer QD-LED as the applied bias increases from 5 to
9 V, resulting in a small change of the CIE coordinates and
CRI (see Figure 2c). With increasing voltage we observe an
increase of the red and blue QD spectral components in the
EL spectrum relative to the initially dominant green QD
spectral component. This evolution of spectral features with
increasing bias is consistent with the reduced efficacy of hole
injection into blue QDs. At low applied bias (5 V) charge
injection into the mixed QD film of the mixed-monolayer
QD-LED is dominated by injection into the green and red
QDs. Resonant energy transfer from green QDs to red QDs
is inhibited by the relatively small number of both red and
green QDs as compared to blue QDs in the mixed QD
monolayer, so that the probability of locating a green QD
next to a red QD is small. At higher applied biases charge
injection into blue QDs becomes more efficient, and the EL
component of the blue QDs becomes more significant.
Increased exciton formation on blue QDs also benefits red
and green QD luminescence due to exciton energy transfer
from blue QDs to red and green QDs. Note that the energy
transfer to red QDs is more efficient than that to green QDs
due to an increased spectral overlap, with the consequence
that with an increase of blue QD luminescence (at higher
operating voltages), red QD luminescence rises more than
the green QD luminescence. Exciton formation on the more
numerous blue QDs governs the overall efficiency of white
QD-LEDs which closely tracks the efficiency of the mono-
chrome blue QD-LEDs (Figure 3).

The operation of the mixed-monolayer QD-LED is enabled
by the use of identical electron transporting, hole blocking,
and hole transporting layers in all of our monochrome QD-
LEDs, which also imparts simplicity to color tuning the
mixed-monolayer QD-LED sources. Colloidal QDs demon-
strate exceptional PL stability exceeding 109 turnovers in
the most stable QD structures;27 consequently concern over
differential aging of different-color QD samples is minimal,
assuring stability of spectral emission, as long as the
remaining films that comprise the QD-LED stay unchanged.

Akin to mixing colors in a paint shop, the present work
demonstrates that QD solutions can be precisely mixed to
achieve a desired QD-LED spectrum at a desired driving
condition.
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Figure 4. Red, green, and blue QD absorption spectra labeled with
red, green, and blue solid lines, respectively, are shown together
with TPD and Alq3 PL spectra labeled with purple and green dashed
lines to demonstrate spectral overlaps. (inset) Suggested band
diagram for the QD-LEDs of this study. Conduction and valence
band position for the red QDs are labeled with red energy levels;
the shaded area shows the range of likely energy level positions
for the conduction and valence bands of the green and blue QDs.
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Electrically driven light emission from single colloidal quantum dots
at room temperature

Hao Huang and August Dorn
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Vladimir Bulovica�,b�

Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

Moungi G. Bawendia�,c�

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

�Received 13 October 2006; accepted 26 November 2006; published online 10 January 2007�

Light emission from single colloidal CdSe/ZnS �core/shell� nanocrystals embedded in electrically
driven organic light emitting devices is demonstrated at room temperature. Spectral diffusion and
blinking from individual quantum dots were observed both in electro- and photoluminescence. The
authors propose a model in which the nanocrystals act as seeds for the formation of current channels
that lead to enhanced exciton recombination in the vicinity of the quantum dots. This work
demonstrates that individual semiconductor nanocrystals can serve as emissive probes in organic
light emitting devices and that they can be used to manipulate device structure and properties at the
nanometer scale. © 2007 American Institute of Physics. �DOI: 10.1063/1.2425043�

Colloidal semiconductor nanocrystal quantum dots
�QDs�, also called “artificial atoms,”1 have found their way
into many potential applications due to their narrow emission
spectrum and strong optical absorption, including biological
labeling,2 quantum dot light emitting devices �LEDs�,3 solar
cells,4 and lasers.5–7 Photoluminescence �PL� studies at low
laser excitation power have shown that QDs are also poten-
tial candidates for nonclassical light sources.8–10 Electrolu-
minescence �EL� from single QDs, which is more appealing
for practical applications, has only been demonstrated re-
cently at low temperature11–13 using self-assembled QDs
grown by molecular beam epitaxy �MBE�. To date, however,
there are no reports of EL from single colloidal quantum
dots, which can be synthesized by wet chemical methods
enabling processing and integration versatility. In contrast to
molecular-beam-epitaxy grown QDs, the size and concentra-
tion of colloidal QDs in a device can be controlled indepen-
dently over a wide range, and mixtures of QDs with different
emission wavelengths can be incorporated into a single layer.
Furthermore, the organic ligands surrounding colloidal nano-
crystals facilitate QD integration into organic LED struc-
tures. In previous attempts with layered organic LEDs, EL
from single QDs was masked by exciplex emission from the
organic films.14 In the present study, we report spectrally
resolved EL emission from single colloidal QDs embedded
in layered organic LED structures at room temperature.

Our devices are conceptually similar to the ones reported
by Coe et al.3 The device substrates were prepared by rf
sputtering 80 nm thick indium tin oxide �ITO� strips onto
�0.13 mm cover glasses through a shadow mask. Then a
polyethylenedioxythiophene �PEDOT� solution �Baytron
CH8000� was spun onto the glass/ITO substrates at
3000 rpm and baked for 30 min. The CdSe/ZnS �core/shell�
nanocrystals used in the devices were obtained from Quan-

tum Dot Corporation �QDC, Catalog No. 1002-1�, with a PL
emission wavelength centered around 655 nm and a quantum
yield of 75%.10 The QDs were precipitated three times with
butanol and methanol, and then redispersed in anhydrous
chloroform, to which N ,N�-diphenyl-N ,N�-bis�3-methyl-
phenyl�-�1,1�-biphenyl�-4 ,4�-diamine �TPD� was added at a
concentration of 10 mg/ml. The resulting TPD-QD solution
was spun onto the device substrates at 3000 rpm in a nitro-
gen glove box forming an �50 nm thick film. The devices
were then transferred into an evaporator, where an �20 nm
thick 3-�4-biphenylyl�-4-phenyl-5-tert-butylphenyl-1, 2,
4-triazole �TAZ� layer, an �20 nm thick aluminum tris �8-
hydroxyquinoline� �Alq3� layer, and an �100 nm thick
Ag–Mg and an �20 nm thick Ag layer were evaporated in
sequence at a background pressure of 6�10−7 Torr. In the
device, TPD acts as a hole conducting layer, TAZ as a hole
blocking layer, and Alq3 as an electron conducting layer with
Ag–Mg/Ag as the top electrode and ITO as the transparent
bottom electrode. A schematic of a cross section of the de-
vice �not to scale�, is shown in Fig. 1�a�. The substrates were
then packaged in a nitrogen glove box with glass coverslips
and UV curable epoxy to minimize device exposure to oxy-
gen and humidity, and mounted onto an xyz piezostage. The
514 nm line of an Ar-ion laser with an intensity of
�10 W/cm2 was used as an excitation source.

Images were taken through the transparent ITO electrode
using a 100� oil immersion objective �Nikon� and an inten-
sified charge-coupled device camera �Pentamax, Princeton
Instruments�. First the objective was focused on the fluores-
cence signal of the QDs under laser excitation to obtain PL
images. The laser was then switched off, and a positive volt-
age was applied to the ITO bottom electrode while the
Ag–Mg/Ag top electrode was grounded. For voltages above
3 V, we observed EL from the organic films, with EL signals
from single QDs becoming most pronounced above 8 V.
Typical PL and EL images of the same area are shown in
Figs. 1�b� and 1�c�. Many of the bright spots blinked and
appeared both in PL and EL, suggesting that many of them
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are individual QDs.15,16 Some of the brightest spots only var-
ied slightly in intensity, and these are likely clusters of QDs.

Obtaining EL spectra from single QDs is complicated by
their low emission intensity and the overlapping red tail of
EL from the organic films. An EL spectrum containing a
strong contribution from a single QD is shown in Fig. 2�a�.

The corresponding spectrum of the same QD in PL is shown
in Fig. 2�b�. Spectral diffusion and blinking, key features of
single quantum dot fluorescence,15–17 can be seen in the time
resolved spectral traces �Fig. 2�c��. We note that some bright
spots can only be observed either under laser excitation or in
EL measurements. The EL from the organic films was also
strongly enhanced at the positions of the bright spots as com-
pared to the organic EL background of the rest of the device
area.

In the following we present a model related to details of
the device fabrication process to explain our findings. After
the TPD-QD solution is spun onto PEDOT, the QDs phase
separate from the TPD film and form a sparse QD layer on
top of TPD, as illustrated in Fig. 3�a�. The subsequently
evaporated TAZ is chemically incompatible with the organic
ligands that coat the surface of each QD, resulting in poor
TAZ wetting of the QD sites,3 and consequent formation of
channels through the TAZ film, as illustrated in Fig. 3�b�.
The absence of TAZ reduces the device resistance in the
channels, facilitating higher current passage at QD sites, due
to enhanced injection of holes from the TPD layer directly
into the Alq3 layer. Part of QD EL may be caused by direct
charge injection into the QDs, which is the mechanism for

FIG. 1. �Color online� �a� Schematic representation of the cross section of a
single quantum dot LED �not to scale�. ��b� and �c�� Images of the same
device area taken through a bandpass filter from 630 to 680 nm. �b� Photo-
luminescence image under laser excitation at 514 nm wavelength. �c� Elec-
troluminescence image at a bias of 16 V. The circles highlight QDs that
blink both in PL and EL �see supplemental movies�, while the bright spot in
the square changes its brightness only slightly and probably constitutes a
cluster of QDs.

FIG. 2. �Color online� �a� Spectrum of the electroluminescence from a
single QD at a bias of 18 V �noisy line�. The spectrum was fitted with the
sum of a single exponential decay term for the organic background and a
Gaussian term for the QD contribution �smooth line�. �b� Photolumines-
cence spectrum of the same QD with a Gaussian fit. �c� Time dependent
spectra of the electroluminescence from a single QD with fits as in �a�.

FIG. 3. �Color online� �a� AFM image of several single QDs on the surface
of a TPD film after spin casting a TPD-QD solution. ��b�–�d�� Cross sections
of hypothetical TPD/TAZ/Alq3 interfaces �not to scale�. ��e� and �f�� AFM
images with section analysis showing the surface morphology of TAZ films
on top of TPD-QD layers. �e� Possibly a QD in a pinhole of a TAZ film. �f�
Pinhole in a TAZ film without an observable underlying QD.
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EL observed in MBE grown devices.11 However, in our case,
energy transfer from Alq3 to the QDs is probably the domi-
nant mechanism due to the proximity of Alq3 molecules to
the QDs in channels. We are able to observe both PL and EL
from the QDs located in channels. It is possible that some of
the QDs are covered entirely by TAZ, as illustrated by Fig.
3�c� and from these QDs we primarily observe PL and only
weak EL, due to diminished energy transfer to QDs. A third
possibility is that the TAZ film has pinholes even when no
QDs are present �Fig. 3�d��. The pinholes appear as bright
spots in EL without a QD spectral contribution. Some chan-
nels could also contain QDs that are dark in PL and only
switch on under bias due to charge rearrangement in their
local environment.

The model above is supported by the enhanced EL from
the organic films at all of the bright spots. Atomic force
microscopy �AFM� studies on different layers of the device
also support our hypothesis of current channels. The
TPD-QD films display a smooth TPD surface �Fig. 3�a�� with
a rms roughness of 0.3 nm, while the TAZ films on top of the
TPD-QD layers are rougher with pinholes. In some scans
�Fig. 3�e��, QDs appear to be located inside the pinholes. We
also observed pinholes in TAZ films where no QDs were
present �Fig. 3�f��.

In summary, we have observed EL from single colloidal
QDs at room temperature. We propose a model in which
pinholes form at the sites of individual QDs in the TAZ film.
The lower device resistance in the pinholes leads to current
channels that enhance the EL from QDs. The exact mecha-
nisms of QD-EL and the electrostatics of single QDs in this
environment warrant further investigation. Intentionally in-
troducing channels into the TAZ film, e.g., by nanoindenta-
tion with an AFM18 could be an interesting way to control
EL at the nanometer scale.
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Moungi G. Bawendi*,†

Department of Chemistry, Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received September 5, 2007; Revised Manuscript Received November 9, 2007

ABSTRACT
We demonstrate reversible quenching of the photoluminescence from single CdSe/ZnS colloidal quantum dots embedded in thin films of the
molecular organic semiconductor N,N′-diphenyl-N,N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine (TPD) in a layered device structure. Our
analysis, based on current and charge carrier density, points toward field ionization as the dominant photoluminescence quenching mechanism.
Blinking traces from individual quantum dots reveal that the photoluminescence amplitude decreases continuously as a function of increasing
forward bias even at the single quantum dot level. In addition, we show that quantum dot photoluminescence is quenched by aluminum
tris(8-hydroxyquinoline) (Alq3) in chloroform solutions as well as in thin solid films of Alq3 whereas TPD has little effect. This highlights the
importance of chemical compatibility between semiconductor nanocrystals and surrounding organic semiconductors. Our study helps elucidate
elementary interactions between quantum dots and organic semiconductors, knowledge needed for designing efficient quantum dot organic
optoelectronic devices.

Colloidal semiconductor nanocrystal quantum dots (QDs)
have attracted considerable interest in recent years1-3 due
to their spectral tunability, photostability, and chemical
versatility. Incorporating colloidal nanocrystals into organic
optoelectronic components, such as organic light-emitting
devices (OLEDs)2 and solar cells,4,5 has been demonstrated
and appears promising. At the ensemble level, Ginger and
Greenham have studied the interactions between conjugated
polymers and CdSe nanocrystals.6 However, to date little is
known about how individual nanocrystals are influenced by
the surrounding organic semiconductor matrices. Here, we
study interactions between single QDs and two archetypical
organic semiconductors: the electron-conducting aluminum
tris(8-hydroxyquinoline) (Alq3) and the hole-conducting
N,N′-diphenyl-N,N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-
diamine (TPD). We investigate the photoluminescence (PL)
from QDs in solutions containing Alq3 or TPD as well as
from QDs embedded in evaporated thin films of these
materials. Electrodes sandwiching the organic semiconduc-
tors allow us to apply an external voltage across the com-
posite organic/QD thin films. Reversible modulation of the
QD PL is observed under forward bias. We discuss QD PL

quenching mechanisms based on current flow and electric
field in the organic/QD films.
The CdSe/ZnS (core/shell) QDs capped with trioctylphos-

phine oxide were obtained from Quantum Dot Corporation
with an emission wavelength centered around λ ) 655 nm.
The QDs were first precipitated three times with butanol and
methanol and then redispersed in anhydrous chloroform. Alq3
was purchased from Tokyo Kasei Kogyo Co. Ltd. and
purified by resublimation prior to use, while TPD was used
as purchased from H.W. Sands Corp.
Quantum dots in solutions containing different concentra-

tions of dissolved Alq3 or TPD were excited with λ ) 525
nm light generated by a frequency doubled Ti:Sapphire laser.
The resulting time-resolved spectra were collected with a
streak camera. A band-pass filter (λ ) 630 nm to λ ) 680
nm) was used to suppress emission from the organics and
the laser.
The concentration of QDs in chloroform (99%, anhydrous)

was ∼0.04 µM. Solution A-1 (A-2) was made by adding 1
mg (15 mg) of Alq3 to 1 mL of QD solution and stirred
until the Alq3 was completely dissolved. Solution A-2 was
kept in the dark for ∼2 h for this mixing process. Equiva-
lently, two other QD/TPD solutions, T-1 and T-2, were
prepared by adding TPD to solvated QDs. A streak camera
spectral window of λ ) 642 nm to λ ) 668 nm was
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monitored and recorded to determine the luminescence
lifetimes of the QDs in different solutions. The PL lifetime
of QDs in pure cholorform is ∼20 ns. As shown in Figure
1, the QD PL lifetimes of QDs are significantly shortened
by Alq3, while TPD minimally affects QD luminescence.
We suspect that 8-hydroxyquinoline functional groups in
Alq3 quench QD PL by interacting with the QD surface. This
assumption is consistent with the observation that the PL of
QDs in solution is also suppressed when quinoline or
8-hydroxyquinoline is added (data not shown). Förster energy
transfer from the QDs to Alq3 molecules is not probable
because of fast exciton relaxation7 to the band edge of the
QDs, which is to the red of the absorption band of Alq3.
TPD on the other hand does not have chelating groups, which
explains why no quenching of the PL was observed in
solutions T-1 and T-2.
All the measurements above were carried out in dilute QD

solutions, while in active optoelectronic devices QDs are
embedded in thin solid films.2,8 To study QD PL in
condensed molecular films, we prepared substrates by first
RF sputtering 80 nm thick ITO electrode strips through a
shadow mask onto 0.13 mm thick cover glass slides. Then
a PEDOT solution (BAYTRON CH8000) was spun onto the
glass/ITO substrates at 3000 rpm and baked for 30 min.
Schematics of the cross-sections of the organic/QD thin film
structures with the corresponding electron energy level
diagrams are shown in Figure 2. For the device shown in
Figure 2a, TPD was added to the QD chloroform solution
at a concentration of 10 mg/mL, and the resulting QD/TPD
solution was spun onto the device substrates at 3000 rpm in
a nitrogen glove box forming a ∼50 nm thick film.8 As
described previously, QDs float to the TPD surface due to
phase separation.2 The substrates were then transferred into
an evaporator without exposing them to atmosphere, where
a 70 nm thick TPD film was deposited at a background
pressure of 6 × 10-7 Torr. Then, 100 nm Ag-Mg/20 nm
Ag top electrode strips were evaporated through a shadow
mask orthogonal to the ITO strips. Rectangular devices with
areas of about 2.3 mm2 each were formed at the intersections
of the top and bottom electrodes. For the device shown in
Figure 2b, QDs dissolved in chloroform were spun onto a

paralene-C coated PDMS stamp at 3000 rpm in a nitrogen
glove box. The QDs were then stamped onto a 40 nm thick
Alq3 film that had previously been evaporated onto a
PEDOT/ITO/glass substrate.9 After stamping, a 40 nm
thick Alq3 layer was evaporated onto the QD layer, and
Ag-Mg/Ag top electrodes were added as described above.
The devices were then packaged in a nitrogen glove box
with glass coverslips and UV curable epoxy to minimize
device exposure to oxygen and humidity and were mounted
onto an xyz piezo-stage for measurement.
The λ ) 514 nm line of an Ar-ion laser with an intensity

of∼10 W/cm2 was used as an excitation source. Images were
taken through the transparent ITO electrode using a 100×
oil immersion objective (Nikon) and an intensified charge-
coupled device camera (Pentamax, Princeton Instruments)
with a band-pass filter from λ ) 630 nm to λ ) 680 nm.
The objective was focused on the fluorescence signal of the
QDs under laser excitation, then a voltage was applied to
the ITO electrode while the Ag-Mg electrode was grounded.
At zero bias, it was easy to observe luminescence from
individual QDs in TPD devices, while QD PL was strongly
quenched in Alq3 devices. These observations are consistent
with our solution-based measurements (Figure 1). We note
that QD PL quenching was less pronounced when QDs were
located at an Alq3-glass or Alq3-PMMA interface (devices
and measurements not shown). This could be due to the
presence of dipole layers, surface charges, or a reduced
surface coverage of the QDs by Alq3. We also find that Alq3
degrades under laser excitation, leading to more QDs
becoming visible as Alq3 degrades. This was also observed
for QDs embedded in TPD, however the effect was much
less pronounced.
The PL signal from single QDs in Alq3 is hard to observe

even at zero bias, therefore we report only voltage-dependent
PL quenching of QDs in TPD. As illustrated in Figure 3a,
the decrease in PL intensity coincides with an increase in
current flow through the device under forward bias. Under
reverse bias, we do not observe any significant current, and
PL from the QDs is not quenched. We expect that under
reverse bias most of the voltage drops over a thin charge
blocking layer at one or both of the organic/electrode

Figure 1. Photoluminescence lifetime measurements of QDs in chloroform solutions containing (a) different concentrations of Alq3 and
(b) different concentrations of TPD. Chemical formulas of Alq3 and TPD are indicated.
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interfaces. In this case, the QDs are not exposed to increased
electric fields or currents. When a positive voltage is applied
to the ITO electrode, the voltage primarily drops across the
bulk of the TPD layers, indicating that QDs located approx-
imately at the center of the device are not only subject to an
increasing current density, but also to an increasing electric
field.10
The very dilute QD concentration in our devices enables

us to monitor the fluorescence of individual QDs as a
function of voltage (Figure 3b). This is of interest because
it enables us to observe fluorescence intermittency, or
“blinking”,11,12 of individual QDs as well as details of the
turning off process that are lost in ensemble averaging. It
should be noted that QDs embedded in TPD do not blink as
digitally as QDs deposited on clean glass surfaces. The
continuous decrease in intensity observed in Figure 3a could
be the average of different single QD turning-off behaviors
such as: (A) the QDs continue to blink with constant
amplitudes but with longer off times or shorter on times or
turn off abruptly at different voltages, as illustrated in Figure
4c, and/or (B) the on time amplitude decreases continuously,
as illustrated in Figure 4d.
The voltage-dependent PL traces of individual QDs are

compared with the ensemble average in Figure 3b. The PL
intensity appears to decrease continuously even at the single
QD level. To quantify this observation, we plot PL amplitude
histograms of the blinking traces of 8 QDs, which were taken
over a time period of 40 s with time bins of 0.1 s at a series
of constant voltages (Figure 4g). The maximum PL amplitude
of every QD at zero bias is normalized to 1. Therefore, at
zero bias digital blinking (Figure 4a) leads to two distinct
peaks: an “on time amplitude peak” close to 1, and an “off

time amplitude peak” close to 0 (Figure 4b). A shrinking on
time amplitude peak, which remains fixed at a constant
amplitude with increasing bias (schematic in Figure 4e),
would indicate longer off times, shorter on times, or abrupt
switching off of individual QDs, as proposed in (A). A
continuous downward shift in amplitude of the on time
amplitude peak (schematic in Figure 4f) on the other hand
points toward a continuous decrease in single QD PL
intensity, as proposed in (B). As shown in Figure 4g, the on
time amplitude peak continuously shifts downward rather
than remaining fixed at a constant amplitude and shrinking.
This supports the picture proposed in (B).
Because the absorption cross section of QDs is not

significantly altered by electric fields,13 the continuous
decrease in PL intensity is the result of a field dependent
increase in the ratio of nonradiative to radiative relaxation
rates. The field-dependent quenching could be due to the
following three mechanisms: (I) Excitons in the QDs are
dissociated by the electric field, thus preventing radiative
recombination.14,15 (II) Charge carriers hopping on and off
the QDs quench the fluorescence when an excess charge
resides in the QD due to an Auger process.16-18 (III) Excitons
in the QDs transfer their energy to the loosely bound charge
carriers participating in current flow through the surrounding
organic. This mechanism is conceptually similar to the
quenching of fluorophores on a metal surface.19,20
Jarosz et al.15 have demonstrated that electric fields in

excess of 106 V/cm are necessary to completely field ionize
excitons in QD films without ligand treatment. However,
cap exchanging with shorter ligands can lead to complete
exciton ionization at fields as low as 2 × 105 V/cm.15 In our
device, the electrical field strength at the position of the QDs

Figure 2. (a,b) Schematic representation of device cross-sections; (c,d) corresponding electron energy level diagrams (not to scale).
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is linearly approximated as E ) U/d under forward bias,10
where U is the voltage applied across the electrodes and d
is the thickness of the organic film. In Figure 3a, we observe
near complete QD PL quenching at 15 V corresponding to
a field of 106 V/cm. Field-induced exciton ionization is more
efficient in our devices than in untreated QD films due to
the shorter tunneling distance from a QD to a TPD molecule,
as compared to the tunneling distance from one QD to the
next as considered by Jarosz et al. It is also energetically
more favorable for holes to tunnel from a QD to TPD (Figure
2c) than to a neighboring QD. As bias increases, the
tunneling rate also increases resulting in PL quenching of
the QDs. An increasing exciton ionization rate with increas-
ing bias is also consistent with a continuous decrease in PL
amplitude at the single QD level.
To understand the possible contributions from quenching

mechanisms II and III, we consider the charge carrier density
and the current density at complete quenching around 15 V.
TPD thin films are primarily hole conducting with a hole
mobility µ ∼ 10-3 cm2/Vs.21 The hole density F is given by

where q, S, and I represent unit charge, device area, and

current, respectively. At a bias of 15 V, the hole density is
on the order of ∼1015 holes/cm3, which corresponds to one
charge carrier in a cube with a side length of ∼100 nm.
According to the energy band diagram in Figure 2c, the
valence band energy level offset between the QDs and TPD
impedes hole-injection into the QDs. However, even if hole
injection into the QDs were not impeded, for example, due
to Fermi level pinning or the presence of surface dipoles,
the rate j of holes passing through the cross section of a QD
is given by

where R denotes the radius of a QD, which is ∼4 nm. The
device shows nearly complete QD PL quenching at a bias
of 15 V and a current of ∼4 mA (Figure 3a), which
corresponds to j) 5× 105 hole/s. Within the exciton lifetime
of a QD, ∼20 ns as measured in solution, there are only
∼10-2 holes passing through the cross-sectional area of a
QD. Therefore, charging of the QDs due to current should
result at most in quenching on the order of 1%. If holes do
not pass through the QDs but remain trapped in the QDs for
longer periods of time, this value could be significantly
higher. However, the continuous decrease in PL amplitude
at the single QD level indicates that the trapping time for
charge carriers in a QD must be significantly lower than the
binning time of 0.1 s. In addition, it is energetically
unfavorable for holes to reside on the QDs, due to the band
alignment between the QDs and the surrounding TPD as
shown in Figure 2c. Therefore, this scenario appears unlikely.
Nearby charge carries can also quench the QDs through
energy transfer. In this case, the QD radius has to be replaced
by the Förster radius between a charge carrier and a QD.
Assuming a Förster radius of ∼5 nm,22 which is close to the
radius of a QD, the probability of energy transfer from a
QD to a charge carrier is of the same order of magnitude as
for charge injection, which is ∼1%.
The quenching process is reversible, as demonstrated in

Figure 5. The averaged intensity of many individual QDs
could be reversibly modulated by ∼90% (Figure 5a,c). The
turning on and off times are below 5 s and are limited by a
convolution of the RC constant of the device, charge
rearrangement, and trap filling in the TPD, as well as the
time constants of the quenching mechanisms. The continuous
decrease in on-time amplitude of individual QDs with
increasing electric field as discussed above indicates that the
time scale of the quenching mechanism is faster than the
binning time of 0.1 s. Therefore, the time constant of the
quenching mechanism is not the limiting factor for the
turning on and off times.
Given the relatively low carrier density and unfavorable

charge injection into QDs, it is therefore likely that electric
field-induced exciton ionization is the dominant PL quench-
ing mechanism under forward bias. This interpretation is
consistent with results on the electric field-induced quenching
of the emission from phosphorescent organic solid-state
molecular systems23 as well as QD films.15 However, some
contributions from quenching mechanisms II and III cannot
be ruled out.

Figure 3. (a) Current-voltage characteristic of the TPD/QD/TPD
device of Figure 2a (green curve) and corresponding voltage-
dependent PL intensity (blue curve) averaged over 13 QDs. The
solid red curve serves as a guide to the eye. (b) PL intensity voltage
traces (blue curves) of four individual quantum dots contained in
the ensemble. The red curves have the same intensity profile as
the red curve in (a).

F ) I
qSµE

j ) µEπR2F
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We studied the photophysics of quantum dots in solutions
and thin film devices containing Alq3 and TPD. In solution,
the fluorescence lifetime of QDs is significantly shortened
in the presence of Alq3, while TPD has little effect. Solutions
of quinoline or 8-hydroxyquinoline (the chelating group
contained in Alq3) also quench QD PL. This result highlights
the importance of chemical compatibility for devices con-
taining organics and QDs. The solution-based results are
consistent with our measurements on QDs embedded in
solid-state devices at zero bias. By applying a bias across

devices containing QDs embedded in TPD, we can reversibly
modulate the photoluminescence intensity of the QDs by
90%. An analysis of several possible quenching mechanisms
indicates that field-induced ionization dominates QD PL
quenching, which implies that QDs should not be placed in
high electric field regions within QD-LED structures. Volt-
age-dependent PL traces of individual QDs demonstrate that
the on-time amplitude of individual QDs decreases continu-
ously as the forward bias increases, consistent with electric
field-induced ionization of QD excitons.

Figure 4. (a) PL intensity trace as a function of time (blinking trace) of an individual QD at 0 V and (b) the corresponding histogram of
the PL intensity. (c,d) Schematics illustrating two different turning-off behaviors of individual QDs resulting in the same ensemble averaged
PL intensity voltage trace (red curve) and (e,f) corresponding schematics of histograms of the PL intensity at three constant voltages (red,
green, and blue). The black curve in (f) is the off-time amplitude peak, which does not vary with voltage. (g) Histograms of the PL intensity
distribution of 8 individual QDs at four different constant voltages. At 0, 5, and 8V, the histograms are fitted with two Gaussians (red
curves) representing the on-time and off-time amplitude peaks; the green curves are the sum of the two red curves. At 15 V all the QDs
are assumed to be off, so the histogram is fitted with one Gaussian only (green curve).

Figure 5. (a,c) Reversible modulation of the PL intensity averaged over 13 individual QDs as a function of voltage. (b,d) Blinking traces
of individual QDs under voltage modulation contained in the ensemble averages shown in (a,c), respectively.
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Micropatterning metal electrode of organic light emitting devices using
rapid polydimethylsiloxane lift-off
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The authors demonstrate a subtractive stamping technique for patterning metal electrodes of organic
light emitting devices. Patterning is achieved by placing a relief patterned polydimethylsiloxane
stamp in contact with a planar metal electrode film and subsequently peeling off the stamp. A fast
peel rate increases the weak adhesion energy of the stamp to the metal so that no surface treatment,
pressure, or temperature control is necessary to lift-off the metal film in contact with the stamp.
Patterning is dependent on metal film thickness, geometry of the features, and peel direction of
stamp release. The minimum feature size patterned is 13 �m wide stripes within �1 �m in-plane
edge roughness and 0.1 �m height transition region of the patterned edge. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2759466�

Fabrication of high resolution arrays of organic elec-
tronic devices, in particular, organic light emitting devices
�OLEDs�, would benefit from the ability to pattern micron
sized features of top array electrodes. Presently, the dominant
commercial technique for patterning top electrodes is a low-
pressure physical deposition of metal vapor through a
shadow-mask stencil, a technique which is, unfortunately,
limited in resolution and scalability. The thickness of the
stencil and the control of the stencil proximity to the sub-
strate set the pattern quality, where for the highest resolution
thin shadow masks are needed, but these are susceptible to
warping and distortion under their own weight, limiting the
ability to scale shadow-mask processing to large array areas.
Although it is possible to implement a scalable shifting
shadow mask to pattern minimum feature sizes of 30 �m, as
needed for a subpixel in a high resolution display, it is not
without added complexity and cost.1,2 In addition, rigid
masks are hard to adapt to patterning of curved substrate, as
might be needed for roll-to-roll fabrication of structures on
flexible substrates. Some alternative techniques for pattern-
ing the top electrode of OLEDs include pixel patterning
through laser ablation,3 electrode lift-off,4 integrated shadow
mask,5 and epoxy mold release.6 Each of these methods ex-
hibits some shortcomings: the serial process of laser ablation
is not readily scalable to large areas, electrode lift-off re-
quires a wet etch that is potentially damaging to the organic
layers, the integrated shadow mask relies on a geometry pri-
marily used for patterning passive matrix displays, and ep-
oxy mold release requires temperature and pressure control.

It has consequently been suggested that for a scalable
electrode patterning solution one can use contact-stamping
techniques where a relief stamp patterns the electrode on the
raised features of the stamp.7 For example, in one proven
contact-stamping method, cold-welding mechanism was
used to promote adhesion of an unpatterned silver film to the
rigid silver-coated silicon relief stamps under high contact
pressures �290 MPa�. The high pressure was required for
fracturing the metal film at the pattern edges and for obtain-

ing intimate contact of a rigid stamp to the electrode surface
in the presence of impurities.7 To reduce required pressures
�to 190 MPa� and to eliminate the need to fracture the metal
electrode during patterning, an additive stamping method
was also demonstrated with a rigid gold-coated stamp and
applied to patterning organic field effect transistors
�OFETs�.8 Improvement on this technique used a flexible
stamp made of polydimethylsiloxane �PDMS�, a two-part
silicone elastomer with a low Young modulus, to dramati-
cally lower the pressure required to make conformal contact
with the electrode �to 180 kPa�.9 Finally, additive transfer of
OFET electrodes relying on temperature controlled adhesion
has been demonstrated but without the release layer for the
relief PDMS stamp because of the poor adhesion of the
metal to the PDMS.10

Simplifying further the earlier contact-stamping tech-
niques, the present work demonstrates subtractive contact
stamping for patterning OLED electrodes using a relief
PDMS stamp and, in contrast to earlier studies, requiring no
applied pressure, temperature control, or stamp surface
modification.11 The patterning is enabled by the kinetically
controlled adhesion of the PDMS relief stamp to the surface
to be patterned. For example, patterning of a planar metal
film coating a substrate is accomplished by forming a me-
chanical contact with the PDMS relief stamp, where the
strength of the PDMS/metal film bond is controlled by the
rate of peel of PDMS away from the substrate. When PDMS
stamp is rapidly separated from the substrate, the energy re-
lease rate of PDMS can increase by an order of magnitude,
ensuring strong PDMS/metal adhesion, and portion of the
metal film in contact with PDMS will be pulled away from
the substrate forming a pattern. It has already been demon-
strated that the adhesion to the stamp can be sufficiently
strong to enable removal of planar structures that are even
ionically bonded to the donor substrate.12 A subtractive pat-
terning technique which relies on the same adhesion mecha-
nism has been recently developed for patterning organic lay-
ers of an OFET.13

Our subtractive electrode stamping technique is applieda�Electronic mail: jenyu@mit.edu
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in ambient conditions to patterning a metal electrode in an
OLED stack �Fig. 1�. We first form the PDMS stamp by
mixing a 1:10 weight ratio of PDMS �Dow Corning Syl-
gard® 184 silicone elastomer� curing agent to base. This
mixture is then poured into a petri dish containing the silicon
masters with a relief pattern of 2 �m depth, placed under
low vacuum until no bubbles are observed escaping out of
the viscous PDMS mixture, and baked at 60 °C for at least
5 h. The cured stamp is then released from the petri dish and
silicon masters and sectioned into 1 cm3 cubes. For peel di-
rection experiments, the stamp thickness was reduced to
0.2 cm. The PDMS relief stamp is then placed in a mechani-
cal contact with the metal electrode of the OLED thin film
stack, with the raised features of the stamp establishing a
conformal contact with the metal electrode, without any ap-
plied pressure. The conformal contact occurs even on sur-
faces that are not flat, such as a glass/indium tin oxide �ITO�
step.

With a slow peel rate of the PDMS stamp away from the
substrate ��10 mm/s�, the metal film remains intact and is
not lifted off, which is consistent with static interfacial adhe-
sion analysis, since the static PDMS-metal work of adhesion
�WPDMS,Mg:Ag=16–18 mJ/m2� is smaller than metal-organic
�WMg:Ag,Alq3=65–96 mJ/m2�, organic-organic �WAlq3,TPD

=43–54 mJ/m2�, or organic-substrate work of adhesion
�WTPD,ITO=36–42 mJ/m2�.11 However, with a rapid peel rate
of the PDMS stamp away from the substrate ��10 mm/s�,
the adhesion between the PDMS and metal interface in-
creases due to the kinetic increase in the adhesion strength,
and is able to overcome adhesion between the metal or or-
ganic interfaces, allowing lift-off of the metal film from the
substrate. Besides our work,11 the same adhesion analysis

has recently been applied to quantifying pattern formation in
pentacene OFET films.13 Note that our work of adhesion
calculation is based on contact angle measurements14 using
ethylene glycol and water on various surfaces. Maximum
and minimum contact angles were used in the work of adhe-
sion calculation, resulting in the above stated range of val-
ues.

To generate a pattern with this subtractive contact-stamp
patterning method, metal film fracture must occur at the
edges of the stamp relief features, similar to the cold-welding
process.7 Externally applied pressure across the PDMS
stamp is ineffective in forming the metal layer fracture, as it
simply leads to the distortion of the flexible stamp. Conse-
quently, in our demonstrations we use thin layers of metal
which are easy to fracture in a lift-off process because of
reduced cross sectional area of the film, less continuity in the
film, and smaller grain sizes of the metal that constitutes the
film. We find that the ability to pattern a metal film is also
dependent on the geometry of the pattern. As an example in
Fig. 2, we show good pattern transfer in metal films with
layer thickness of 11 nm for 25 �m diameter circle pattern.
Increasing metal film thickness leads to complete metal elec-
trode removal instead of patterned removal of the film during
the PDMS lift-off process �Fig. 2�. We find that in transfer of
line patterns, better quality image transfer occurs when the
peel direction of separating the PDMS stamp away from the
substrate is aligned with the relief line pattern. Peeling along
the line pattern direction assists propagation of the metal film
fracture. In contrast, peeling in the direction perpendicular to
the relief stamp line pattern leads to poor pattern definition,
since the breakage and release of the metal film must repeat-
edly occur in a discontinuous fashion. Examples of the peel-
dependent pattern transfer quality are shown in Fig. 3. We
note that the metal films become increasingly difficult to
lift-off as the film thickness is decreased below 10 nm.

FIG. 1. �Color online� Schematic depiction of PDMS lift-off technique for
patterning metal electrodes in organic devices. Metal layer deposited on top
of organic substrate is detached from the substrate surface when �a� pat-
terned PDMS relief stamp makes conformal contact with the surface and
is followed with a rapid peel off. �b� 13 �m wide lines of patterned 20
nm thick Mg:Ag on top of 50 nm thick Tris-�8-hydroxyquinoline�aluminum
�Alq3� /50 nm thick N ,N�-Bis�3-methylphenyl�N ,N�-bis�phenyl�-
benzidine �TPD�/poly�3,4-ethylenedioxythiophene�poly�styrenesulfonate�
�PEDOT:PSS�/ITO/glass on left and on top of glass substrate on right �c�
atomic force microscope �AFM� image of a sample similar to that in �b�
with a corresponding AFM cross section shown in �d�.

FIG. 2. �Color online� �a� Optical micrograph of 25 �m diameter
circles patterned from Mg:Ag on top of 50 nm thick Alq3 /40 nm
thick N ,N�-Bis�3-methylphenyl�-N ,N�-bis�phenyl�-9,9-spirobifluorene/
PEDOT:PSS/glass with metal thickness indicated in the figure. For a given
pattern, increasing metal film thickness results in lift-off but not patterning
of the metal film. �b� Corresponding AFM images of metal electrode surface
indicate larger grain size for thicker film. �c� Cartoon depiction of the dif-
ficulty in patterning thicker films due to the increased grain size and con-
tinuous nature of the film.
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Using the PDMS lift-off process, we patterned the top
electrode of an OLED and compared the operating charac-
teristics to an OLED whose top electrode is patterned by
shadow masking. The two devices are grown on the same
1�1 in.2 substrate using shadow-mask patterning on half of
the substrate. After device growth, half of the substrate is
patterned using PDMS lift-off technique. Figure 4 shows
nearly identical current density versus voltage and electrolu-
minescence quantum efficiency characteristics for the two
devices, indicating equivalent quality of the PDMS lift-off
and shadow-masked structures.

In summary, we demonstrated a simple and scalable
method for patterning thin Mg:Ag or Ag electrodes using a
PDMS stamp and no externally applied pressure or chemical
surface treatment. Unlike previous demonstrations of sub-
tractive patterning of electrodes, this technique does not rely
on cold welding or pressure-induced electrode fracture. We
applied the relief stamp peel-off method in patterning OLED
electrodes, demonstrating equivalent performance to the
OLEDs patterned by shadow masking.
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FIG. 3. �Color online� Peel direction along �a� or perpendicularly against �b�
line pattern of the relief stamp affects patterning lift-off of 20 nm thick Ag
��c� and �d�� or 12.5 nm thick Mg:Ag ��e� and �f�� film on top of 50 nm thick
Alq3 /50 nm thick TPD/ITO/glass. Optical micrographs show that peel along
��c� and �e�� the line pattern results in patterning of 30 �m wide lines with
edge roughness of up to ±5 �m, while peel against ��d� and �f�� the line
pattern does not result in good pattern transfer.

FIG. 4. Current density vs voltage characteristics of a 2.81 mm2 area or-
ganic light emitting device �OLED� patterned by PDMS lift-off. The com-
pleted device consists of 50 nm thick Mg:Ag/50 nm thick Ag on top of
50 nm thick Alq3 /50 nm thick TPD/PEDOT:PSS/ITO/glass. Also shown are
current density vs voltage characteristics of a 4.34 mm2 area OLED pat-
terned by conventional shadow-mask method. �Inset� External electrolumi-
nescence quantum efficiency vs current density for the same devices. Device
structure is shown on the bottom right.
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Colloidal quantum dots, with their tunable luminescence
properties, are uniquely suited for use as lumophores in light-
emitting devices for display technologies and large-area planar
lighting1–10. In contrast to epitaxially grown quantum dots,
colloidal quantum dots can be synthesized as highly
monodisperse colloids and solution deposited over large areas
into densely packed, solid-state multilayers, which have shown
promise as efficient optical gain media11. To be a viable
platform for colour-tunable electrically pumped lasers, the
present-generation quantum-dot LEDs must be modified to
withstand the extended, high-current-density operation needed
to achieve population inversion. This requirement necessitates
a quantum-dot LED design that incorporates robust charge
transport layers. Here we report the use of sputtered,
amorphous inorganic semiconductors as robust charge
transport layers and demonstrate devices capable of operating
at current densities exceeding 3.5 A cm22 with peak brightness
of 1,950 Cd m22 and maximum external electroluminescence
efficiency of nearly 0.1%, which represents a 100-fold
improvement over previously reported structures8,10.

Previous efforts at building colloidal quantum-dot (QD)
LEDs with inorganic charge transport layers have demonstrated
only limited quantum dot (QD) electroluminescence (EL)
efficiency. One study placed a multilayer of QDs between
indium tin oxide (ITO) and silver electrodes10. The low
luminescence efficiency (1023 Cd A21) of these structures could
be attributed to a number of sources, including luminescence
quenching of the QDs by plasmon modes in the highly
conductive electrodes12, luminescence quenching by QD
charging13, or low efficiency due to imbalance in the polarity of
charges injected into the device, which could lead to excess
background current14. More recent work using doped GaN
transport layers surrounding colloidal QDs reported external
quantum efficiencies (EQEs) of 0.001–0.01%, although much
of the observed EL arose from the GaN (ref. 8). These devices
exhibited non-uniform emission across the pixel area, and
fabrication required the specialized deposition technique of
energy-neutral atomic-beam lithography or epitaxy. In contrast
to this early attempt, in the present work we demonstrate the
first general method that reproducibly fabricates patterned,
all-inorganic optoelectronic devices with functional QD

lumophores. We use amorphous, radiofrequency (RF)-sputtered
metal oxides as QD-LED charge transport layers, deposited at
room temperature to be broadly compatible with colloidal QDs
and many other constituent films. With this advance, all-
inorganic, QD-containing devices can, for the first time, be
systematically engineered, as exemplified by our demonstration
of QD-LEDs that manifest 100-fold higher EQEs than
previously reported all-inorganic colloidal QD-LED structures.

We follow three main guidelines in the choice and preparation
of the metal oxide charge transport layers. First, we chose
mechanically smooth and compositionally amorphous films to
prevent electrical shorts or the formation of preferred current
channels through the device structure. Second, we grew
semiconducting oxide films with low free-carrier concentrations
to minimize quenching of the QD EL through free-carrier
plasmon modes. Third, the hole transport layer (HTL) and the
electron transport layer (ETL) were chosen to have similar free-
carrier concentrations and energy-band offsets to the QDs so that
electron and hole injection into the QD layer was balanced. An
excess of one type of carrier in the QD region results in QD
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charging, which increases the likelihood of non-radiative three-
body Auger relaxations12 and therefore decreases EL efficiency.
These requirements highlight the important benefits in using
metal oxides as versatile charge transport layers; metal oxides
offer a range of deposition-determined morphologies as well as
tunable conductivities and adjustable ionization energies through
doping and physical co-deposition.

The cross-section of our QD-LED is depicted in Fig. 1a with
the approximate electronic band structure of constituent layers
shown in Fig. 1b. Following our previous work on hybrid
organic – inorganic QD-LED structures1, the HTL of the present
QD-LEDs was a 20-nm-thick film of NiO deposited on ITO.
The resistivity of the NiO film was tuned to 5 V.cm by adjusting
the oxygen concentration in the Ar:O2 plasma during the RF
magnetron sputtering process15,16. Hot-probe and X-ray-
diffracted measurements indicate that as-grown NiO films are
amorphous and p-type. Atomic force microscope (AFM)
characterization of the NiO layer on top of the ITO electrodes
revealed a root-mean-square roughness of ,0.5 nm, which
enables deposition of smooth monolayers of self-assembled
QDs onto the NiO.

The luminescence layer of QD-LEDs consisted of ZnCdSe
alloyed QDs with an emission peak at wavelength l ¼ 638 nm, a
full-width at half-maximum (FWHM) of 40 nm, and a colloidal
solution photoluminescence (PL) quantum yield of 50+10%.
The thin-film photoluminescence efficiency is lower by an order
of magnitude. The QDs were spin-coated onto the NiO substrate
so as to form a 30+5 nm film consisting of from 3 to 4 close-
packed QD monolayers. We chose ZnCdSe cores over more
traditional CdSe/ZnS core/shell QDs owing to their ease of
production and because ZnCdSe alloyed QDs, which are not
overcoated with a wide-bandgap ZnS layer, should enable easier
charge injection into the QDs. In this study, our highest EL
efficiencies were measured for QD-LEDs containing ZnCdSe
QDs; however, devices containing CdSe/ZnS QDs show
efficiencies within an order of magnitude.

For the ETL, we selected a 50-nm-thick, optically transparent
film of alloyed ZnO and SnO2, with a resistivity of 10 V cm.
ZnO:SnO2 alloy is an n-type semiconductor and, as shown
schematically in Fig. 1b, its conduction-band level allows
injection of electrons into the ZnCdSe QD conduction band.
Whereas pure ZnO or SnO2 films tend to be polycrystalline with
pronounced grain boundaries, AFM and X-ray diffraction
measurements indicate that ZnO:SnO2 films are relatively smooth
(with , 0.5 nm r.m.s. roughness) and crystallographically
amorphous, reducing the likelihood of morphologically induced
electrical shorts in the device. Our choice of ZnO:SnO2 also
reflects the requirement that the ETL be sputtered directly onto
the QDs without damaging them. Introducing O2 into the
sputtering gas, as with NiO, could oxidize the organic ligands
capping the QDs and produce trap sites that facilitate non-
radiative recombination of QD excitons. The ZnO:SnO2 ratio
determines the film conductivity, eliminating the need for excess
oxygen in the sputtering process. To determine whether the
ZnO:SnO2 deposition causes physical damage to the QDs, we
compared the UV-excited PL intensity from QDs on NiO and
from QDs embedded in a NiO/QD/ZnO:SnO2 structure. As
shown in Fig. 2, we observed a 40% drop in intensity as a result
of the ZnO:SnO2 deposition, which indicates that sputtering the
ETL on the QDs largely preserves the passivating ligands. In fact,
much of the decrease in QD luminescence can be attributed to
additional quenching by the free carriers in the ETL. A silver
cathode was chosen to allow electron injection into the
conduction band of the ZnO:SnO2 layer.

All our QD-LEDs were tested in air over several days. The
devices were tested as-made, without additional environmental
packaging, and were stored in atmospheric conditions between
experiments. Figure 3 shows the forward biased current density
versus voltage (J–V) log–log plot for the QD-LED described
above. The J–V slope with a gradient of two between 1 V and
3 V is indicative of space-charge-limited conduction for one of
the carriers. The increase in the J–V slope at 3 V coincides with
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on average.
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Figure 3 Quantum-dot light-emitting diode current–voltage characteristics.

Current density versus voltage log– log plot for the QD-LED of Fig. 1a. Three

different regimes of conduction are clearly visible. At low voltages the device

shows space-charge-limited conduction. At 3 V, the slope of the J –V plot

increases as both holes and electrons are injected into the QD, and the onset of

EL is observed at 3.8 V. At higher V, the J –V behaviour tends to

ohmic conduction.
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the onset of QD-LED EL, which is first observed at 3.8 V, and is
therefore associated with the onset of both electron and hole
injection into the QDs. The elevated current and J–V slope of
1.3 for applied voltages greater than 10 V is a signature of the
combined J–V characteristics for injected electrons and holes,
with one or both of the carriers tending to ohmic conduction.
These QD-LEDs sustain steady-state current densities of up
to 3.5 A cm22, which corresponds to a carrier injection rate of
1 � 107 carriers per second per QD and a maximum exciton
density per QD of 0.1.

Figure 4a shows a characteristic QD EL peak centred at
l ¼ 642 nm with a FWHM of 38 nm. The similarity between the
EL spectrum and the PL of QDs in solution (FWHM ¼ 40 nm)
indicates that the device emission is due entirely to the QDs.
Figure 4b shows the EQE of the QD-LED as a function of J,
which, at its maximum of 0.09%, is almost two orders of
magnitude higher than previous reports of devices with QDs
embedded between doped inorganic transport layers8. At 6 V,
0.46 A cm22, pixel brightness is uniform at 74 Cd m22, with
emission entirely from the QDs. Standard video brightness
(200 Cd m22) occurs in our device at 7.15 V, 0.71 A cm22. The
peak brightness is measured to be 1,950 Cd m22 when J is
3.73 A cm22 (19.5 V), and the peak luminescence efficiency is
0.064 Cd A21 when J is 2.33 A cm22 (13.8 V). Comparable
brightness and J–V characteristics were observed when the
devices were tested after being stored in air for four days, in
contrast to unpackaged organic QD-LEDs, which cannot
withstand prolonged atmospheric exposure. The EQE of the QD-
LED reported here is probably limited by Förster energy transfer
between QDs and Auger recombination due to QD charging,
which results from electron energy-band alignment of the
constituent QD-LED layers. The QD-LED response to
sinusoidally modulated drive voltage is plotted in Fig. 5, with the
amplitude of the modulation in the light output showing a 3-dB
frequency of 1.2 MHz, corresponding to a QD-LED response
faster than 1 ms.

To study the exciton dynamics in our devices and determine
whether electrically pumped lasing of QDs in QD-LED structures
is feasible, we performed time-resolved PL measurements on the
charge transport layers and the QDs. No PL signal was measured
from optically excited 50-nm-thick NiO and ZnO:SnO2 thin
films, indicating that non-radiative processes faster than 10 ps
dominate exciton relaxation in the metal-oxide transport layers.
This implies that the dominant mechanism for generating EL in
our QD-LEDs was direct charge injection into the QD layer
rather than energy transfer from weakly bound metal-oxide
Wannier excitons to excitons in the QDs. To achieve biexciton
lasing in colloidal QD films, the exciton generation rate must
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compete with non-radiative processes such as the Auger decay11,13.
With time-resolved PL we measured a biexciton lifetime of 1.3 ns
for the CdZnSe QDs. Therefore, for the onset of the biexciton
lasing action an average charge-carrier injection rate of nearly
1 � 109 electrons per second per QD is needed, which is 100
times higher than the maximum steady-state J obtained in this
study. To reach the elevated current densities that might lead to
lasing action, the QD-LEDs could be run in pulsed mode, as
previously demonstrated in experiments with organic LEDs
ref. 17. Note that additional optical absorption due to proposed
high carrier density in the QD layers18 might necessitate even
larger drive currents, which further emphasizes the need for
robust inorganic devices as the first step in the demonstration of
electrically pumped colloidal QD lasers.

In conclusion, this work demonstrates that metal oxides and
colloidal QDs can be combined to fabricate bright, monochrome
LEDs with uniform pixel emission of saturated colour and high
peak luminance. The brightness of the devices reported here
matches that of the best organic-based QD-LEDs, but with the
benefit of improved shelf-life robustness inherent in the
environmental stability of metal-oxide charge transport layers.
The stable operation under a high carrier-injection rate should
enable evolution of the QD-LEDs to device designs that will be
needed to demonstrate electrically pumped colloidal QD lasers.
Such devices would be able to take full advantage of the
tunability and the ease of fabrication and processing of colloidal
QDs to provide simple, tunable, coherent light sources.

METHODS

METAL OXIDE AND QUANTUM DOT CHARACTERIZATION

Atomic-force-microscope characterizations of the metal oxide and QD thin films
were done with the Digital Instruments Dimension 3000 in the tapping mode.
X-ray diffraction measurements were performed with the Rigaku Powder
250 mm diffractometer. Hot-point probe measurements to determine the
semiconductor type involved a standard multimeter with one contact heated
using a soldering iron.

COLLOIDAL QUANTUM-DOT LIGHT-EMITTING DIODE FABRICATION

To fabricate a colloidal QD-LED, cleaned glass substrates were patterned with a
60-nm-thick ITO anode deposited through a shadow mask using RF magnetron
sputtering in an inert argon environment at a pressure of 5 mtorr and a rate of
0.06 Å s21. The substrate was heated to �250 8C during deposition to increase
the ITO conductivity. The slow growth rate prevents surface roughness on the
ITO electrode, which can induce roughness in the HTL, leading to electrical
shorts through the device structure. The 20-nm-thick, p-type, NiO HTL was
sputtered onto the ITO at a deposition rate of 0.2 Å s21 in a 2:100 oxygen to
argon atmosphere at a pressured 6 mtorr pressure and using 200 W of RF power.

Building on earlier work19,20, the colloidal QDs were synthesized by injecting
trioctylphosphine selenide into a pot of ZnO, CdO, oleic acid and 1-octadecene
at 310 8C. The ZnCdSe QDs were precipitated twice with acetone and
redispersed in chloroform. The correct concentration of QD solution to yield
three to four layers of QDs on the NiO was approximated using optical
absorption measurements and confirmed using an AFM. Quantum dots were
spin-deposited onto the NiO in a nitrogen atmosphere.

The ETL was deposited on the QDs by simultaneously sputtering ZnO at
15 W and SnO2 at 9 W in a pure argon environment at a pressure of 5 mtorr.
This corresponds to a combined deposition rate of 0.2 Å s21, which is sufficiently
slow to minimize damage to the QD underlayer. A 40-nm-thick silver cathode
was then thermally evaporated through a shadow mask onto the ZnO:SnO2 at a
rate of 1.5 Å s21.

Each 12 mm � 12 mm substrate was patterned to yield 10 devices, each with
an area of 0.012 cm2.

COLLOIDAL QUANTUM-DOT LIGHT-EMITTING DIODE CHARACTERIZATION

Our devices were measured without environmental packaging and in
atmospheric conditions. Current–voltage characteristics of the QD-LED were
recorded using a computer-controlled Keithley 2612 current/voltage source

meter. To calculate the EQEs, the EL from the front face of the device was
detected using a calibrated Newport 2112 silicon photodetector at the same time
that the J–V characteristics were measured. Electroluminescence spectra were
taken with an Ocean Optics spectrometer with bias applied to the device using
the Keithley 2612.

To calculate the exciton density per QD in a hexagonally close-packed film,
we used the measured current density and approximated the QD cross-sectional
area. We assumed equal hole and electron currents and that all charge carriers
flow through the QDs and not the ligands. We used a QD lifetime of 5 ns in a
close-packed film, a QD radius of 4 nm, and a ligand length of 1 nm.

For the time-resolved PL measurements, samples were excited with 100-fs-
long optical pulses with a wavelength of 400 nm, generated by a Ti:sapphire
regenerative laser amplifier with a frequency doubler. The PL was detected with a
10-ps resolution streak camera. The biexciton lifetimes were calculated as
described in ref. 18.

The resistance–capacitance (RC) time constant of the device was measured
by applying a fixed d.c. bias, Vdc, to the device using a Keithley 2612 and a
sinusoidal modulated voltage, Vm, using an Agilent 33250A waveform generator,
such that the total applied voltage was given by V ¼ Vdc þ Vmsin(vt). The
angular frequency, v, was varied, and the decrease in the modulation of the EL
intensity was detected as described above.
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ABSTRACT

We demonstrate a solvent-free contact printing process for deposition of patterned and unpatterned colloidal quantum dot (QD) thin films as
the electroluminescent layers within hybrid organic-QD light-emitting devices (QD-LEDs). Our method benefits from the simplicity, low cost,
and high throughput of solution-processing methods, while eliminating exposure of device structures to solvents. Because the charge transport
layers in hybrid organic/inorganic QD-LEDs consist of solvent-sensitive organic thin films, the ability to avoid solvent exposure during device
growth, as presented in this study, provides a new flexibility in choosing organic materials for improved device performance. In addition, our
method allows us to fabricate both monochrome and red-green-blue patterned electroluminescent structures with 25 µm critical dimension,
corresponding to 1000 ppi (pixels-per-inch) print resolution.

Exceptional luminescent properties of colloidal QDs1 such
as the narrow emission spectra tunable throughout the entire
visible spectrum (corresponding to highly saturated emission
colors) and the high photoluminescence efficiencies suggest
the use of QD films in electroluminescent devices and
pixilated full-color displays. The pioneering demonstrations
of QD applications in light-emitting devices (LEDs) utilized
conjugated polymer-QD blends as emissive layers and
exhibited low efficiencies as compared to polymer LEDs.2,3

The subsequent significant increase in the external quantum
efficiency (EQE) (reaching EQE of 0.5% to 2%4-6) of hybrid
organic/inorganic QD-LEDs was demonstrated in structures
that used a single monolayer of QDs4 surrounded by organic
transport layers. The use of QD monolayers minimized the
negative impact of QD charging and resistive power losses
associated with poor QD-to-QD charge transport8,9 charac-
teristic of the earlier devices that utilized QD multilayers.10

These technical advances highlighted the need for develop-
ment of a reproducible method of formation of close-packed
QD monolayers, with a preference of generating laterally
patterned QD films, as would be needed in full-color pixilated
structures.

Large area (several cm2) QD monolayers can be assembled
out of solution, either by Langmuir-Blodgett11,12 or by spin-

casting (phase segregation)5 techniques. The critical limitation
of the Langmuir-Blodgett assembly technique is in its low
throughput and cumbersome implementation that appears
incompatible with industrial-scale production. The spin-
casting assembly technique has two critical limitations: (1)
it cannot be applied to patterning of QD monolayers, and
(2) it places solvent compatibility requirements on the device
fabrication process. Consequently, adaption of the technique
to the fabrication of active electronic devices, such as QD-
LEDs requires the devices to be designed around the
deposition technique that demands solvent compatibility and
can lead to nonideal device structures of inferior performance.
The lack of simple methods for in-plane patterning of
pixilated QD-LEDs has largely been ignored in published
literature13 and is the topic of the present work. In this Letter
we demonstrate that contact printing12,14 can be used to
deposit patterned, solvent-free QD monolayers. We demon-
strate the flexibility of the approach and its functional use
by inserting patterned and unpatterned QD monolayers into
active QD-LED structures.

The QD printing process follows the steps schematically
shown in Figure 1: (1) poly(dimethylsiloxane) (PDMS) is
molded using a silicon master; (2) resulting PDMS stamp is
conformally coated with a thin film of parylene-C, a
chemical-vapor deposited (CVD) aromatic organic polymer
(chemical structure is shown in the inset of Figure 2); (3)
parylene-C coated stamp is inked via spin-casting of a
solution of colloidal QDs suspended in an organic solvent;
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(4) after the solvent evaporates, the formed QD monolayer
is transferred onto the substrate (e.g., on top of the first few
layers of a multilayer device) by contact printing.

Chemical compatibility between the organic solvents
used in QD processing and the elastomer stamp critically
influences the QD film morphology and, consequently,
QD-LED performance. Previously, it has been shown that
QDs can form continuous close-packed monolayers upon
spin-casting and phase separation from chloroform or
chlorobenzene solutions.5 These solvents are compatible
with a variety of hydrophobic organic ligands used for QD
surface passivation during organometallic synthesis. How-
ever, a plain PDMS surface is chemically incompatible with
chloroform solutions of QDs, which is manifested in
nonuniform QD films, caused by chloroform dewetting from
PDMS during spin-casting. Figure 2a shows the atomic force
microscope (AFM) image of a QD film printed onto N,N′-

bis(3-methylphenyl)-N,N′-bis(phenyl)benzidine (TPD) un-
derlayer using a plain PDMS stamp. The film is discontinu-
ous and exhibits morphology characteristic of spinodal
dewetting. The peak-to-peak roughness of QD films in this
case is >160 nm and rms is >20 nm, too rough for QD-
LED fabrication. The characteristic organic charge transport-
ing layers that are on the order of 50 nm in thickness are
likely to be electrically shorted by the rough QD layers,
yielding inoperable devices.

We find that coating the elastomer stamp with parylene-C
results in a chemical surface, which is compatible with
spreading of colloidal QDs solvated in chloroform. The
contact angle measurements show that chloroform wets the
parylene-C surface more efficiently than plain PDMS as
indicated by the decrease in the contact angle from 28° (
1° for chloroform on plain PDMS to 6° ( 1° for chloroform
on parylene-C-coated PDMS. Chloroform evaporates during
the spin-casting of chloroform-solvated QDs on parylene-
C-coated PDMS, leaving a monolayer of QDs in contact with
the parylene-C surface.

Parylene-C is an aromatic polymer; therefore, its surface
is suboptimal for minimizing the surface energy of the QD
monolayer, since QDs are generally capped with aliphatic
organic ligands (such as trioctylphosphine and oleic acid).
The aromatic parylene-C is therefore a good release layer
for the aliphatic-capped QDs and facilitates their transfer
from the PDMS stamp onto the substrate during the printing
process. If instead of parylene-C we employed an aliphatic
surfactant on the PDMS stamp, we expect that ensuing strong
interaction between QDs and a stamp surface would impede
QD release.

AFM image in Figure 2b shows a close-packed monolayer
of QDs printed onto TPD film using a parylene-C-coated
PDMS stamp. Peak-to-peak roughness of ∼5 nm indicates
a controlled deposition of a single QD layer. Low rms ≈0.5
nm enables these films to be used in thin (<100 nm thick)
hybrid optoelectronic devices. The height distribution analy-
sis of AFM images allows us to determine the number of
QD layers deposited via contact printing, which we then use
to precisely tune the concentration of QD solution needed

Figure 2. AFM images show QD films deposited on top of the TPD layer using (a) a plain PDMS stamp and (b) a parylene-C-coated
PDMS stamp. QD films on plain PDMS exhibit spinoidal decomposition pattern with high surface roughness (rms ) 23.0 nm), while on
parylene-C-coated PDMS QDs form smooth hexagonally close-packed monolayers (rms ) 0.5 nm). The chemical formula of parylene-C
is shown in the inset.

Figure 1. Schematic shows the four-step contact printing process.
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to achieve smooth close-packed QD monolayers (see Sup-
porting Information).

Figure 3a shows the application of the contact printing to
fabrication of multiple QD-LED colors on the same substrate.
QD-LED structure consists of a transparent indium tin oxide
(ITO) anode coated with a hole injecting polymer poly(3,4
ethylenedioxythiophene):poly(styrenesulfonate) PEDOT:PSS,
followed by 40 nm thick TPD hole transporting layer (HTL),
printed QD monolayer, 15 nm thick 3,4,5-triphenyl-1,2,4-
triazole (TAZ) hole blocking layer, 25 nm thick tris(8-
hydroxyquinoline) (Alq3) electron transporting layer (ETL),
and 100 nm thick Ag/Mg cathode with a 20 nm thick Ag
protective overlayer. The red (CdSe/ZnS core-shell15) and
green (ZnSe/CdSe/ZnS core-double-shell16,17) QDs are sepa-
rately printed onto blanket TPD film, and the structure is
completed by blanket deposition of the remaining charge

transport layers. The red and green pixels exhibit electrolu-
minescence (EL) solely due to QD emission, while a blue
pixel is the result of TPD EL in the absence of QDs.

In panels b and d of Figure 3, we demonstrate patterning
of close-packed, monochrome (b) and multicolor QD-LED
pixels (d) as small as 25 µm (1000 dpi). We use elastomer
stamps with a relief pattern to deposite the 25 µm wide
intersecting stripes of red and green QD monolayers in a
QD-LED structure shown in Figure 3c. EL of red and green
QDs and blue TPD is simultaneously observed when the QD-
LED is biased at 7 V. This demonstration presents the first
use of contact printing of QDs in the fabrication of patterned
EL devices, a critical step toward the realization of pixilated,
full color, high-resolution QD-LED displays.

The solvent-free deposition of the QD monolayers is
compatible with a wide variety of organic semiconductors
that are not compatible with solution processing methods.
Figure 4a shows red (CdSe/ZnS core-shell15), green (ZnSe/
CdSe/ZnS core-double shell16,17), and blue (CdS/ZnS
core-shell18) QD-LED pixels fabricated in the identical
device structure shown in Figure 4b, in which wide band
gap organic semiconductor, 4,4′-N,N′-dicarbazole-biphenyl
(CBP), replaced TPD as a hole transport material. The wide
band gap of CBP contributes to more efficient charge and
exciton confinement, and an improvement in color saturation
of the QD-LEDs, yielding CIE coordinates (0.66, 0.34),
(0.21, 0.70), (0.18, 0.13) for the red, green, and blue QD-
LEDs, respectively (shown in Figure 4d), with corresponding
EQEs of 1.0%, 0.5%, and 0.2% at video brightness (∼100
cd/m2). The normalized EL spectra are shown in Figure 4e,
with the spectra of green and red QD-LEDs solely due to
the QD emission and blue QD-LED EL spectrum showing
a minor contribution from organic thin film EL. EQE and
current-voltage characteristics for QD-LEDs in Figure 4 are
available in the Supporting Information.

Contact printing can also be used to create mixed-color
and white QD-LEDs,6,7 since this method is compatible with
a variety of colloidal QDs synthesized via different proce-
dures and passivated by different organic ligands. Using the
printing method, in recent publications we demonstrated
record EQE of 2.3% for red,19 0.65% for green,6,7 and 0.35%
for blue6,7 printed QD-LEDs. In contrast to previously
reported high-efficiency QD-LEDs that use spin-casting to
deposit multiple QD layers to achieve saturated QD-LED
emission,20-22 our method allows us to minimize the use of
QDs (reducing the cost of fabrication and operating device
voltage) while maintaining QD-LED EL color purity. The
demonstrated large color gamut from QD-LEDs exceeds the
performance of both LCD and organic LED (OLED)
technologies, suggesting future use of QD-LEDs in high
definition, accurate color flat panel displays and in general
lighting sources.6

The present work demonstrated a contact printing method
for depositing patterned QD monolayer films that are formed
by spin-casting QDs onto chemically functionalized PDMS
stamps. The method enables insertion of QD monolayers into
arbitrary thin film device structures without exposing the
constituent thin films to solvents or resorting to phase

Figure 3. (a) Electroluminescent red and green QD-LED pixels
are fabricated on the same substrate. A blue pixel is the result of
TPD emission in the area where QDs were not deposited. (b)
Electroluminescent QD-LED pixel is patterned with 25 µm wide
stamp features. (Bias voltage is 5 V.) (d) Schematic diagram shows
the structure of a QD-LED with an emissive layer consisting of 25
µm wide stripes of green and red QD monolayers. (d) Electrolu-
minescence (EL) of the structure shown in (c) at 7 V of applied
bias. Blue emission is due to TPD hole-transporting underlayer.
The background TPD emission is not present in the image (b) due
to lower applied bias. Corresponding EL spectra can be found in
the Supporting Information.
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separation methods to form QD layers. Inherent to this
printing method is the ability to form patterned QD mono-
layer features, which in this work we used to demonstrate
multicolor QD-LED structures with electroluminescent area
resolution of 25 µm. (See the Supporting Information for
the demonstration of additional QD film features as small
as 150 nm.) The demonstrated printing technique now
enables formation of arbitrarily complex multilayer structures
containing QDs, which can elucidate the physical operating
mechanisms that govern operation of QD optoelectronics and
lead to design of QD-containing structures of superior
performance.19

Materials and Methods. We prepare PDMS elastomer
stamps by mixing PDMS base with a curing agent (Dow
Corning Sylgard 184 silicone elastomer) at the ratio of 10:
2. The mixture is then poured into a Petri dish that may
contain silicon masters with relief patterns if patterned films
are desired. The dish is then placed under low vacuum at
room temperature to eliminate air pockets generated by the
mixing process. After air pockets have collapsed, the mixture
is brought to atmospheric pressure and cured at room
temperature for ∼7 to 10 days. The curing process can be
accelerated by baking the mixture at 60 °C for ∼5 h. The
cured PDMS block is then released from the Petri dish and
silicon masters and cut into ∼1 cm3 cubes.

We use CVD to deposit between 150 and 200 nm thick
layers of parylene-C onto PDMS stamps; the CVD precursor
(dimer, n ) 2 in the chemical structure shown in the inset

of Figure 2) is purchased from PARA TECH Coating,
Inc.

Colloidal QDs are synthesized and purified according to
the procedures reported in ref 15 (for red CdSe/ZnS core
shell QDs), ref 17 (for green ZnSe/CdSe/ZnS core-double
shell QDs), and ref 18 (for blue CdS/ZnS core-shell QDs).

During QD-LED fabrication PEDOT:PSS (H.C. Starck,
Inc.) is deposited via spin-casting onto ITO-coated glass
(Thin Film Devices, Inc.) The organic charge transport layers
(TPD, CBP, TAZ and Alq3 purchased from H. W. Sands
Corp.) and Ag/Mg cathode are deposited by physical vapor
deposition at pressures <10-6 Torr and evaporation rates
<0.2 nm/s.
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terning QD films by molding, calibrating QD solutions by
AFM, plots of the electroluminescence spectra of patterned
QD-LEDs of Figure 3d, and electronic characteristics of QD-
LEDs employing CBP as a hole-transporting layer. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 4. (a) Electroluminescent red, green, and blue QD-LED pixels with the device structure shown in (b). (b) Schematic diagram shows
the cross section of an archetypical QD-LED. (c) A high-resolution AFM micrograph shows a close-packed monolayer of QDs deposited
on top of the CBP hole transporting layer prior to deposition of hole blocking and electron transporting layers. Here unpatterned elastomer
stamps are used to produce continuous QD monolayers. (d) Chromaticity diagram shows the positions of red, green, and blue QD-LED
colors, an HDTV color triangle is shown for comparison. (e) Normalized EL spectra of fabricated QD-LEDs corresponding to the CIE
coordinates in (d). QD-LED images and EL spectra are taken at video brightness (100 cd/m2), which corresponds to the applied current
density of 10 mA/cm2 for red QD-LEDs, 20 mA/cm2 for green QD-LEDs, and 100 mA/cm2 for blue QD-LEDs.
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Inkjet-Printed Quantum Dot–Polymer Composites for
Full-Color AC-Driven Displays

By Vanessa Wood, Matthew J. Panzer, Jianglong Chen,

Michael S. Bradley, Jonathan E. Halpert, Moungi G. Bawendi, and

Vladimir Bulović*

We demonstrate print-deposition of high resolution, patterned,
multicolored thin films of luminescent colloidal quantum dot
(QD)-polymer composites and use the printed patterns in
fabricating robust, bright, full-color AC-driven displays. The
benefits of AC electroluminescent (EL) displays include simple,
low-cost fabrication and high reliability; however, finding efficient
and stable phosphors for full-colored displays remains a major
challenge.[1] Today, red-, green-, and blue-light-emitting (RGB)
phosphors for AC-EL comprise different material systems and
can have luminous efficiencies that span an order of magnitude,
rendering manufacture of a multicolor display with balanced
RGB components difficult.[1–3] While there has been substantial
research on stacked and patterned devices, one of the most
feasible strategies for realizing RGB AC-EL displays is color
filtering of white, ZnS-based phosphors.[1,2] Filtering, however,
wastes up to 90% of the output optical power to achieve color
saturation, which requires that the display be operated at ten
times video brightness in order to meet the RGB color standard.[4]

This results in greater power consumption, faster pixel
degradation, and shorter display lifetimes.[1]

To achieve full-color AC-EL displays, in this study we use
colloidally synthesized QDs to print patterns of robust,
solution-processable, luminescent light-converting thin films
for AC-EL displays. QDs offer narrow-band luminescence that
can be tuned across the visible spectrum by varying their size and
chemical composition.[5] This property motivated the use of QD
luminescent centers in thin-film light-emitting diode (LED)
structures, in which QDs were electrically excited to demonstrate
low-power, color-saturated devices, with side-by-side patterning of
RGB pixels enabled by microcontact printing of the QD layers.[6]

In alternate device designs, QDs can also be optically excited,
where, for example, the small Stokes shift of red- and
green-light-emitting QDs enables their optical excitation by blue
light. This property of QDs led to the demonstration of optical

down-conversion using blue GaN LEDs to excite QDs in
polylaurylmethacrylate (PLMA), and the generation of point
sources of saturated-color light.[7] In the present work, we
demonstrate a planar, full-color AC-EL display that comprises
luminescent thin films of QDs that absorb blue electrolumines-
cence from a commercial phosphor powder and then emit
photons at a longer wavelength characteristic of the QD band gap.
Emission and absorption spectra for the QDs and EL phosphors
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Figure 1. a) Absorption and photoluminescence spectra of spin-coated
thin films of red and green QDs and the electroluminescence spectrum of
the blue-phosphor paste powered by 50 kHz AC excitation demonstrate the
spectral overlaps needed to achieve optical down-conversion of phosphor
emission to QD-film luminescence. The inset schematic depicts the cross-
section of an AC powder EL device structure with QD–PIB pixels. b) 1mm
profilometry scan of the edge of a green rectangular pixel measuring
3mm� 5mmdemonstrates the edge definition and top-surface uniformity
of an average pixel. The inset is a photograph of a multicolor QD–PIB
pattern inkjet printed on 1 inch� 1 inch ITO-coated glass and illuminated
with l¼ 365 nm light. c) Luminescence microscopy photograph of a series
of parallel lines printed to be 100mm wide at 250mm pitch demonstrates
the feasibility of printing high-resolution patterns.
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used in our work are shown in Figure 1a. In contrast to the
earlier work by Taylor et al., which uses a white phosphor
and poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylene vinylene]
(MEH-PPV) to absorb phosphor luminescence, forming
MEH-PPV excitons that are then energy-transferred to QDs,[8]

our devices operate based entirely on long-range radiative energy
transfer, with no short-range Förster energy transfer expected.
Consequently, as shown in Figure 1a, we are not limited to red
QDs, but can optically excite any QD that has a first absorption
peak at a wavelength longer than l¼ 450 nm.

To deposit thin films of colloidally synthesized QDs in an
AC-EL device, we inkjet-print QD solutions. Inkjet printing is an
attractive deposition technique for any large-area electronics
application because it minimizes material use and allows for
multiple depositions of high-resolution patterned layers of
materials. Our experiments show that it is possible to directly
inkjet print QDs dispersed in a solvent, but that the structural and
luminescent properties of the QD layer are improved if the QDs
are embedded in an optically transparent polymer matrix.[9] In
this paper, we use inkjet printing to deposit well-defined, uniform
thin films of QDs suspended in a polyisobutylene (PIB) matrix
that exhibit enhanced photoluminescence (PL) efficiency over
thin films of QDs. The selection of polyisobutylene (PIB)
dissolved in hexane and octane as a base for the QD ink is
discussed in the Experimental section and in the Supporting
Information. Over a period of several months, we observed no
aggregation of QDs in the QD–PIB ink stored in a sealed glass
vial, and no degradation or phase separation in printed QD–PIB
thin films kept in ambient conditions, indicating a high degree of
compatibility between QDs and PIB.

One challenge in inkjet printing a uniform thin film is
avoiding the ‘‘coffee ring’’ phenomenon, whereby solutes migrate
to the edge of a printed drop during the drying process, forming a
thin film of uneven thickness.[10] Previous studies have shown
that two-solvent techniques can be used to achieve greater
uniformity of inkjet printed films and to facilitate deposition of
QDs.[11] We tune the hexane to octane ratio in the QD–PIB ink
solution to reduce nonuniform drying patterns and enable thin
films with QDs evenly suspended in a PIB matrix (Supporting
Information). A profilometry scan 1mm long from the indium
tin oxide (ITO) to the top surface of a 3mm� 5mm QD–PIB
feature (Fig. 1b) demonstrates the edge definition and top-surface
uniformity achievable using large droplet sizes and high-speed
printing. This feature is comprised of 15 layers of QD–PIB
composite printed with 280pL droplets at a 50mm pitch.
Figure 1c, which presents a fluorescence microscopy image of
a series of parallel lines printed using 120 pL droplets at a pitch
of 250mm, indicates the feasibility of high-resolution patterns.
Here, the QD–PIB ratio is tuned to result in lines 100mm
wide, where each line is composed of 14 layers of the printed
composite to produce printed features 2mm thick. The lack of
drift in the printed pattern over the 14 layers and the absence of
‘‘coffee ring’’ features highlight the level of accuracy, uniformity,
and repeatability afforded in printing with a QD–polymer
composite.

As previous research has shown, embedding QDs in an
insulating polymer matrix decreases the amount of
QD-luminescence quenching observed in closed-packed QD
structures.[7,12] Wemeasure, on average, a factor of 2.5 increase in

the PL efficiency for QDs in the PIB matrix as compared to a spin
coated, neat thin film of QDs. For both red and green
nanoparticles, we inkjet print 10mm� 14mm rectangles of
QD–PIB composite and spin-coat solutions of the same
nanoparticles on quartz substrates. We measure the PL for each
QD-PIB and QD-only sample excited with a l¼ 408 nm laser, and
adjust for the absorption of the sample at l¼ 408 nm. The PL
measurement is performed in 10 different locations across each
sample, to account for any nonuniformities across the spin-coated
and inkjet printed features. The PL efficiency measurements of
the nanoparticle films with and without a PIB binder are
described further in the Experimental section.

The basic thin-film AC-EL device structure is shown
schematically in the inset of Figure 1a. A detailed description
of the device fabrication is provided in the Experimental section,
but a brief description is given here. Ink solutions of PIB and QDs
in a mixture of hexane and octane are deposited using a
Hewlett–Packard thermal inkjet picofluidic dispensing system
(TIPS) onto conductive, transparent ITO-coated glass or flexible
polyethylene terephthalate (PET). Inkjet printing was demon-
strated with a series of PIB-stabilized inks that were formulated
for optimized viscosity by mixing PIB with core/shell CdSe/ZnS
QDs from QD Vision Inc. and Evident Technologies, as well as
with in-house-synthesized QDs and nanorods. The inkjet-printed
films of QD–PIB composite were covered with a thin film of
ZnS:Cu powder in an electrically insulating, transparent binder
from Osram-Sylvania, which is doctor-blade deposited and dried
at 50 8C. A conductive adhesive tape serves as the top electrode
and defines the working device area.

All fabrication and testing was done in ambient conditions and
without device packaging. We observed long device shelf lives
with no degradation or decrease in brightness during intermittent
device testing over one year. The spectra and photographs in
Figure 2 show both the blue electroluminescence of the ZnS:Cu
phosphors and the green and red QD spectra of optically
down-converted QD emission, which is visible when an AC
power is applied across the device structures. Because our
printing technique results in PIB/QD films of uniform thickness,
we were able to demonstrate spectral purity in the optically
down-converted QD light with minimal contribution from the
blue-phosphor EL emission. When plotted on a Commission
International d’Eclairage (CIE) chromaticity diagram (Fig. 2c), the
CIE coordinates of our devices define a color triangle that is
comparable to the International Telecommunication Union
high-definition television (HDTV) standard. Previous work has
shown that a solution of mixed QDs can be used to obtain colors
inside the space defined by CIE coordinates of the individual
QD luminescence.[11,13] Now, we demonstrate that by varying the
thickness of the printed QD–PIB layer, a single QD-ink solution
can be used to achieve the set of colors on the trajectory between
the CIE coordinates of the blue phosphor and the CIE coordinates
of the particular QD lumophore. For a given printed QD–PIB
thickness, we observe little change in the CIE coordinates over the
entire range of applied voltages (50–430 Vrms). While the data in
Figure 2 highlights the color uniformity of large (8mm� 10mm)
rectangular pixels, it is also possible to fabricate working AC-EL
devices with high-resolution features, such as the lines in
Figure 1c. Figure 3a is a photoluminescence photograph of a
complete device structure on a flexible ITO-coated PET substrate
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with a ruler pattern that marks off 2mm
divisions for a 1 cm shape printed to scale.

We measure luminance as a function of
applied AC voltage for devices with different
numbers of printed red and green QD–PIB
layers, as well as for blue (ZnS:Cu phosphor
only) devices (Fig. 3b). The luminance versus
RMS-voltage plot highlights the tradeoff
between spectral purity and brightness at a
specific driving voltage. As shown in Figure 3c,
the spectral purity, defined as the fraction of
the device electroluminescence spectrum
comprised of QD emission, increases as a
function of the number of QD–PIB layers. The
down-conversion efficiency, which we define
as the ratio of the watts of QD emission
collected to the watts of the phosphor emission
created, decreases as a function of the number
of QD–PIB layers. These trends provide
insight into the performance of our devices.
For a thin QD–PIB layer (2mm thick), we
measure down-conversion efficiencies near
12%. This is consistent with the 15% PL
efficiency of the QDs in the PIB matrix with
additional losses due to QD light self-
absorption. As the thickness of the QD–PIB
layer increases, less blue light reaches the QDs
furthest from the phosphor layer, while low-
er-energy emission from the layer of QDs
closest to the phosphor is subject to more
scattering and reabsorption.

The luminous efficiency of our devices is
approximately 0.1 lm W�1 for the blue phos-
phor driven with 420 Vrms at 31 kHz, which is
comparable to commercially available
AC-power EL devices.[1] The electronic proper-
ties of the device are dominated by the thick
phosphor layer (500mm in thickness), so small
changes in the QD–PIB layer thickness do not
contribute substantially to variation in the
input power needed to drive the device.

Device luminance can be increased when
additional transparent metal oxide layers are
inserted into the device structure. We limit our
choice of metal oxides to materials that are
robust insulators, and investigate device
structures with metal oxides on either side
of the QD–PIB composite layer, such as the
one shown schematically in the inset of
Figure 3d. To determine the layer thicknesses
of the metal oxides needed to simultaneously
maximize absorption of the phosphor lumi-
nescence by the QDs and the transmission of
the QD luminescence through the glass to the
viewer, we model the device as a dielectric
stack.[14] We use a transmission and propaga-
tion numerical-simulation matrix method and
integrate over all emission angles to account
for off-normal transmission and reflection, as

Figure 2. a,b) Electroluminescence spectra and photographs of red, green, and blue 80mm2 pixels.
c) Device CIE coordinates plotted on a chromaticity diagram show that the optical down-conversion
devices subtend a color triangle (solid black line) comparable to that of the International Tele-
communication Union HDTV standard (dotted black line). The dotted white lines indicate two
examples of possible ranges of color that can be obtained by simply varying the thickness of the
printedQD–PIB layer fabricated with a single QD-ink solution. The numbers written next to the white
data points indicate the number of layers of the QD–PIB ink used to achieve the designated color.

Figure 3. a) Photograph of a complete device on a flexible substrate under l¼ 365nm wavelength
illumination. The ruler pattern printed with red QD–PIB ink is to scale. b) Photographs of the
photoluminescence devices with three, six, and nine layers of inkjet-printed QD–PIB under
l¼ 365nm wavelength illumination, provide a visual indication of the color purity. The plot shows
luminance versus applied RMS voltage for a blue (ZnS:Cu phosphor only) pixel as well as the red and
green pixels with three, six, and nine layers of QD–PIB. c) Plot of the spectral purity and down-
conversion efficiency as a function of QD–PIB-layer thicknesses. d) Data are taken from devices with
ZnO layers 50nm thick and variable thickness of Al2O3 transparent metal oxide layers, positioned as
shown with the inset schematic. The plot shows measured (data points) and modeled (black line)
device luminance as a function of Al2O3 layer thickness. The data follow the oscillatory trend
predicted by themodel described in the text. e) The electroluminescence spectra for devices with and
without a 20nm ZnO layer indicate that the ZnO contributes to wave-guiding of the phosphor
electroluminescence in the plane of the substrate, which facilitates an improved color purity of the
emission. The inset schematic shows the placement of the ZnO layer in the device structure.
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well as wave-guided luminescence. The simulation also accounts
for the wavelength dependence of the absorption and emission
profiles of the different layers. We apply the Maxwell–Garnett
mixing rule relation to determine values of the index of refraction
for the phosphor (n¼ 2.3) and the QD–PIB layer (n¼ 1.8).[1,15]

The complex part of the QD index of refraction is calculated from
the absorption data of QD–PIB films printed on glass substrates.
We find that ZnO, which has an index of approximately 2.0 in the
visible-light wavelength range, is a desirable buffer layer between
the phosphor and the QD–PIB matrix, as it laterally waveguides
some of the phosphor electroluminescence, which facilitates an
improved color purity of the top-surface QD emission. To
minimize wave-guiding of the QD emission in the ITO layer
(refractive index �2.0), the lower index Al2O3 (�1.6) can be
inserted between the ITO and the QD–PIB layer. Our model
indicates that transmission of QD luminescence to the viewer is
maximized using a layer of ZnO 50nm thick and a layer of Al2O3

160 nm thick.
To demonstrate that predicted trends in luminance are indeed

observed, we fabricate devices with layers of ZnO and/or Al2O3.
We deposit the metal oxides with radio frequency magnetron
sputtering, which has been shown to be compatible with QDs in a
LED structure and is a common, low-cost, and low-temperature
technique for depositing thin-film coatings.[6c] We fabricate
devices, as shown in Figure 3d, with Al2O3-film thicknesses of 0,
40, 140, 160, and 180 nm on ITO, followed by nine inkjet-printed
QD–PIB layers, and 50 nm of ZnO. Figure 3d plots luminance
measured at 420 Vrms and 31 kHz versus Al2O3 thickness for
these devices. The data follow the oscillatory trend predicted by
the optical modeling. To demonstrate the wave-guiding effect in
the ZnO layer, we fabricate devices with and without a 20 nm layer
of ZnO on top of the QD–PIB composite. As shown by the device
electroluminescence spectra in Figure 3e, the ZnO layer
wave-guides the phosphor emission in the plane of the substrate,
decreasing the transmission of blue light to the viewer while still
allowing excitation of the QDs. The demonstrated use of
sputtered metal oxide films in the device structures confirms
that the inkjet-printing technique is compatible with AC thin-film
EL devices in which two thick insulating layers, such as Al2O3,
surround a crystalline phosphor layer.[1]

In conclusion, we have demonstrated a simple and scalable
method to achieve patterned pixels for flexible, full-color,
large-area, AC-driven displays operating at video brightness.
We have shown that a QD–polymer composite can be printed
using stable ink solutions, and that it contributes to an efficient
and robust device architecture. Optimization of the QD–polymer
composite layer thickness can be used to tune luminance and
color for specific applications. Finally, our inkjet-printing
technique is well-suited for integration with metal oxide dielectric
layers, which can enable improved optical and electrical
performance.

Experimental

The QD–PIB ink solution is a mixture of PIB and colloidal QDs
dispersed in hexane and octane. 400 000 molecular-weight PIB (Acros
#17818) was dissolved in hexane and octane (0.1 g PIB per 10mL hexane
and 1mL of octane). The appropriate ratio of hexane to octane was

determined experimentally, as described in the Supporting Information.
This PIB solution was then mixed with a solution with 2mg mL�1

concentration of QDs in hexane in proportions of one part PIB solution to
between two and four parts QD solution. The exact optimal proportion for
inkjet printing was based on desired drop size and QD-loading fraction.
Successful prints were demonstrated with inks that used nanoparticles
from a variety of sources. CdSe/ZnS QDs were obtained from QD Vision
Inc. and from Evident Technologies Inc., with solution photoluminescences
of the various QDs peaked at wavelengths of 530 nm, 547 nm, 612 nm,
and 614nm. To remove excess ligands, the QDs were repeatedly crashed
out in methanol and then redispersed in hexane. In-house-synthesized
CdSe/ZnS QDs and nanorods with solution photoluminescences peaked at
wavelengths of 608 and 630nm were also used.

Devices were fabricated with a layer-by-layer approach that was
compatible with flexible substrates. The QD–PIB inks were printed on
conductive ITO. The ITO was obtained on glass substrates from Thin Films
Inc. or on flexible polyethylene terephthalate (PET) substrates from
Sheldahl Inc. Printing was realized with a Hewlett–Packard Thermal Inkjet
Picofluidic dispensing System (TIPS) operated in conjunction with a
Labview controlled precision movable stage. Patterns in this work were
formed with 50–300 pL drop volumes, deposited at a 50mm to 100mm
pitch.

The blue phosphor used in this study was Type 813 ZnS:Cu powder
dispersed in electroluminescent binder from Osram-Sylvania. This
phosphor was doctor-blade-deposited with a 500mm thickness using a
disposable mask to define the active device area and the bottom ITO
contacts. The sample was dried at 50 8C for 2 h. Top contacts were
produced using conductive tape from 3M (# 9713). This basic device
structure was assembled and tested entirely in ambient conditions.

Al2O3 and ZnOmetal oxide layers were deposited using radio-frequency
magnetron sputtering in an inert Ar environment at 4mTorr
(1 Torr¼ 133.32 Pa). The metal oxide layers were deposited using
sputtering targets with 3 inch diameter mounted on US Inc. sputtering
guns with a power of 150W used for the Al2O3 deposition and 25W for the
ZnO deposition, corresponding to deposition rates of 0.4 Å s�1 and
0.2 Å s�1, respectively.

Photographs of PL were taken with the sample illuminated with a UV
lamp at a wavelength of 365 nm. PL spectral measurements were obtained
with the sample excited using a 408 nm wavelength laser. The
electroluminescence and PL spectra were taken with an Acton Research
SpectraPro 300i. Absorption was determined from reflection and
transmission measurements taken using a Cary 500i spectrophotometer.
The diffuse reflectance accessory was used to measure the absorption of
the QD–PIB matrix. PL efficiencies of the spun-cast QD thin films and the
inkjet-printed QD–PIB layers were determined by comparing the number of
photons emitted from the samples and the sample absorption at
l¼ 408 nm against the samemeasurements on a tris-(8-hydroxyquinoline)
aluminum (Alq3) standard.

Voltage-dependent measurements were performed with a 31 kHz AC
signal provided by a JKL inverter (BXA-24529). Lower-voltage, frequency-
dependent measurements were taken using a Hewlett–Packard 3245A
Universal Source. Luminance measurements and CIE coordinates were
obtained using a Konica–Minolta CS-200 luminance and color meter. Input
power to the device was calculated measuring the voltage drops across the
device and a series resistor and the phase angle between the two signals
using a Textronix TDS 3054B oscilloscope.
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ABSTRACT

We present a novel technique for room temperature, solution-based fabrication of alternating current thin-film electroluminescent (AC-TFEL)
devices using phosphor-doped nanocrystals. Synthesis for stable ZnSe/ZnS:Mn/ZnS nanocrystals that exhibit a quantum yield of 65 ( 5% is
outlined, and their electroluminescence is demonstrated in structures consisting of only wide band gap ceramic layers. Both the nanocrystal
and the ceramic films have minimal absorption across the visible light spectrum, enabling us to demonstrate transparent AC-TFEL devices.

Alternating current thin-film electroluminescent (AC-TFEL)
devices already occupy a segment of the large area, high-
resolution, flat panel display market. AC-TFEL displays are
robust, possess long lifetimes, and offer high luminance with
relatively low power consumption.1 AC-TFEL devices
consist of a phosphor layer, such as manganese-doped zinc
sulfide (ZnS:Mn), vertically sandwiched between two insula-
tors that are contacted by electrodes. When a sufficiently
high voltage is applied across the electrodes, electrons
trapped at interfaces between the layers are injected into the
conduction band of the phosphor, where they are accelerated
by the field and can excite the luminescent dopant centers
in the phosphor layer via impact excitation and ionization
mechanisms.2,3

While fabrication of AC-TFEL devices have been the
subject of considerable study over the past 3 decades,
challenges remain. Development of multicolor displays with
balanced red, green, and blue (RGB) emission has proven
difficult as the most efficient red, green, and blue phosphors
comprise different materials systems that require different
deposition and annealing steps.1,4,5 Additionally, differences
in luminous efficiencies of different colors can span an order
of magnitude, complicating electronic driving of balanced
color displays.1,4,5 Transparent AC-TFEL displays have
recently been demonstrated by Sharp, Inc.; however, the
processing of the phosphor to achieve transparency is difficult
and has not yet been developed for phosphors other than
ZnS:Mn.6

In this Letter, we present a novel materials system for the
active phosphor layer in transparent AC-TFEL devices. We
use colloidally synthesized Mn-doped nanocrystals to dem-
onstrate electroluminescence (EL) from a solution-deposited
active layer in an AC-TFEL device fabricated at room
temperature. Wide band gap host nanocrystals and wide band
gap metal oxides enable transparent device structures without
additional processing steps beyond the room-temperature
layer-by-layer deposition of each material set.

To date, colloidal nanocrystals have successfully been
doped with transition metals (such as Fe, Ni, Mn, Cu) and
lanthanides (such as Eu, Er, Tm, Tb) to alter their electronic,
optical, or magnetic properties.7-12 If the excitation energy
of the dopant is smaller than the band gap of the host
material, the photoluminescence of the doped nanocrystal is
determined by the dopant atoms; light emission is indepen-
dent of the band gap of the host material and largely immune
to thermal and chemical variations of the surrounding
medium.13 For example, by using different dopants or various
synthetic procedures,14 the emission wavelength of doped
ZnSe nanocrystals can be tuned from the blue through the
red, suggesting the possibility of developing multicolored
AC-TFEL displays. However, until now, there has been no
demonstration of EL from phosphor impurity dopants in
ZnSe or other wide band gap host nanocrystals. Lumines-
cence of CdS:Mn/ZnS nanocrystals embedded into a polymer-
LED was observed;15 however, color-tunable doping or a
transparent device is challenging to achieve with this
structure because of the relatively small band gap of CdS.
In order for these doped nanocrystals to be luminescent at
the colors of the dopant, the excitation energy of the dopant
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needs to be smaller than the band gap of the host material
to enable energy transfer of an exciton on the nanocrystal
core to the impurity dopant. Furthermore, when the nano-
crystal host material is a wide band gap semiconductor such
as ZnSe, thin films of nanocrystals do not absorb in the
visible wavelength region (see Figure 1a), making them
compatible with the construction of transparent devices. Such
devices could be used for displays with two-way, heads-up
viewing capabilities.

Colloidal solutions of doped nanocrystals also bring a key
advantage to the fabrication of AC-TFEL displays. Solution
processing of nanocrystalline colloids enables a wide range
of deposition techniques such as spin-casting,16,17 microcon-
tact printing,18 inkjet printing,19 and electrospray20 to be
employed for their integration into electroluminescent de-
vices. Previously, some of these printing techniques have
been used to demonstrate side-by-side patterning of nanoc-
rystals of different emission colors with up to 1000 dpi
pattern resolution (25 µm features), as would be necessary
for high-resolution displays.18 In our demonstration of the
transparent AC-TFEL device we use multilayer spin-casting
of phosphor-doped nanocrystal solutions for the active
emissive layer.

We choose to work with Mn-doped nanocrystals as Mn
is the most commonly used phosphor dopant in AC-TFEL
devices. We report a synthesis of ZnSe/ZnS:Mn/ZnS nano-
crystals that offers the stability and high quantum yield
needed for AC-TFEL applications. The high quantum yield
of these ZnSe/ZnS:Mn/ZnS nanocrystals is due to their thick
ZnS shell, which localizes the excited state on the Mn-dopant
atom by preventing energy transfer to surface states or the
surrounding medium. The thick shell also improves the
stability of the nanocrystal, preventing migration of the Mn
dopant.

The synthesis of ZnSe/ZnS:Mn/ZnS nanocrystals used in
this study is adapted from Thakar et al.21 The ratio of Zn
and S precursors in the overcoating step, the final ZnS shell
thickness, and the ligand chemistry possible account for the
greater quantum yield in our nanocrystals. ZnSe cores are

prepared by injecting 96 mg of diethyl zinc and 0.67 mL of
trioctylphosphine (TOP) selenide into a flask of 10 mL of
oleylamine, degassed at 140 °C. After the mixture was heated
at 270 °C for 90 min, the flask is cooled to 170 °C and a
solution of 45 mg of manganese stearate, 76 mg of diethyl
zinc, and 160 mg of hexamethyldisilathiane in 6 mL of TOP
is added at a rate of 1 drop/s. These ZnSe/ZnS:Mn particles
are precipitated twice using methanol and butanol and
redispersed in hexane. This solution is then added to a
degassed flask containing 10 g of trioctylphosphine oxide
(TOPO) and 0.4 g of n-hexylphosphonic acid (HPA) at 80
°C. The hexane is removed under vacuum. The flask is then
placed under argon and heated to 170 °C. A solution of 80
mg of diethyl zinc and 160 mg of hexamethyldisilathiane in
5 mL of TOP is added dropwise, and the flask is cooled to
room temperature. Four milliliters of hexane and 4 mL of
butanol are then added. The ZnSe/ZnS:Mn/ZnS nanocrystals
are finally precipitated twice using methanol and butanol and
redispersed in chloroform.

Figure 1a shows the absorption and photoluminescence
(PL) spectra for these nanocrystals in solution. As discussed
previously, the nanocrystals do not absorb in the visible
wavelength region because the host material, ZnSe, is a wide
band gap semiconductor. The PL spectrum is centered at
wavelength λ ) 590 nm, which is characteristic of the Mn
4T1f

6A1 phosphor transition.21 Streak camera measurements
of this luminescence reveal an excited state lifetime in excess
of 1 ms, consistent with the expected phosphorescent
emission decay mechanism. The photographs of the nanoc-
rystals in room light and under UV illumination (Figure 1b)
provide a visual indication of the transparency of the
nanocrystals as well as their high quantum yield (QY), which
we measure to be 65 ( 5% for the nanocrystals in solution.
A direct measurement of QY by comparing the solution to
an organic dye is not possible due to the large Stokes shift
in the ZnSe/ZnS:Mn/ZnS nanocrystals. The QY measurement
is therefore performed by comparing the nanocrystal solution
to a solution of orange emitting CdSe/ZnS quantum dots with
a QY of 65%, previously calibrated to a solution of
Rhodamine 610 (QY ) 95%). In addition to having a high
QY, the ZnSe/ZnS:Mn/ZnS nanocrystal solution also exhibits
a long shelf life. Figure 1b shows a nanocrystal solution
synthesized over 1 year prior to the date of the photographs.

The AC-TFEL device structure that enables electrical
excitation of the doped nanocrystals is shown schematically
in Figure 2a. It is fabricated using room temperature radio
frequency (rf) magnetron sputtered ceramics and solution-
deposited nanocrystals. We begin by sputtering 80 nm of an
insulating metal oxide of either Al2O3 or HfO2 onto com-
mercially deposited indium tin oxide (ITO) on glass from
Thin Film Devices, Inc. Both the bottom and top insulating
layers are sputtered in an inert Ar environment at 4 mTorr
with a power of either 150 W (for Al2O3) or 100 W (for
HfO2). The sputter-deposited insulating films are complete
and planar, as revealed by atomic force microscopy (AFM)
characterization. For a device consisting of Al2O3 layers, for
example, we measure a root-mean-square (rms) surface
roughness of 0.3 nm for the bottom layer and a surface

Figure 1. (a) The absorption (black line) and photoluminescence
(orange line) spectra of the ZnSe/ZnS:Mn/ZnS nanocrystals in
solution show a large (235 nm) Stokes shift. (b) Photographs of a
vial of ZnSe/ZnS:Mn/ZnS nanocrystals in chloroform under room
lighting (left) and under UV illumination (right) provide visual
confirmation of the spectra shown in panel a, which indicate that
these orange-emitting nanocrystals exhibit no absorption in the
visible wavelength regime.
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roughness of 0.9 nm (rms) for the top layer. The observation
of sub-1-nm roughness over a 5 µm × 5 µm area of the top
insulating layers indicates that the multiple ZnS and nano-
crystal layers in the middle of the device structure maintain
planarity throughout the multilayer growth.

The active layer of the device consists of alternating layers
of sputtered ZnS and spin-cast ZnSe/ZnS:Mn/ZnS nano-
crystals. Each layer of ZnS is 12 nm thick and is sputter-
deposited with a power of 25 W in 4 mTorr of Ar. A
thickness of 12 nm of ZnS is chosen because it is enough to
form a complete layer that is not damaged upon subsequent
spin-casting of the next nanocrystal layer. Thicker ZnS layers,
while also complete and capable of withstanding the
subsequent spin-casting steps, increase the turn on voltage
of the device. The layers of nanocrystals are spin-cast in a
nitrogen glovebox onto the ZnS at a speed of 1200 rpm from
chloroform. Cross sectional AFM scans indicate that the total
thickness of each layer of nanocrystals is approximately 30
nm, corresponding to approximately four to five layers of
nanocrystals. Panels b and c of Figure 2 show AFM
topography and phase images of the nanocrystal layer and
the first ZnS layer on top of the nanocrystals. Figure 2b
reveals a highly monodisperse film of 5 nm diameter
nanocrystals. The rms roughnesses of the two layers are 1
and 0.8 nm, respectively, indicating that both the nanocrystals
and the ZnS form smooth, complete layers. The contrast
between the phase images in panels b and c of Figure 2
(right-hand panel) further confirms the completeness of the
ZnS layer on top of the nanocrystals. The device is completed
with a second, 80 nm thick insulating layer and a 150 nm
thick top electrode of either ITO or Al, which are sputtered
at 35 W in 4 mTorr of Ar. Use of top ITO electrodes results
in a highly transparent completed structure.

In the AC-TFEL architecture presented here, the alternat-
ing layers of ZnS and nanocrystals are necessary for device
electroluminescence (EL). To confirm that the ZnS layers
are critical to device operation, we fabricate four devices
with continuous 30 or 90 nm thick layers of ZnSe/ZnS:Mn/
ZnS nanocrystals sandwiched between both Al2O3 and HfO2

dielectric layers. The 90 nm thick layer is spin-cast using a

more concentrated solution of nanocrystals, and its thickness
and uniformity are characterized by AFM, as described
previously. No EL is observed from these devices, indicating
that the device luminescence is determined by the number
of ZnS layer-nanocrystal interfaces and not by the number
of luminescent impurity centers.

To determine the optimal number of ZnS layers within
the device, we fabricate structures with two, three, four, or
five 12 nm thick ZnS layers (sandwiching one, two, three,
or four layers of nanocrystals, each of which is 30 nm thick).
Eighty nanometer thick Al2O3 layers are used as the
dielectrics for the four devices with Al as the top contact.
EL is measured while the devices are biased with a square-
wave pulse at a frequency of 30 kHz and peak-to-peak
voltage (Vpp) of 110 V. The trend in EL response is shown
in Figure 3a. The luminescence from the device with two
layers of ZnS is below our reliable detection threshold. We
find four layers of ZnS to be optimal; devices with three
and five layers of ZnS (containing two or four layers of
nanocrystals, respectively) exhibit lower EL intensity than
the device with four ZnS layers. The device with five layers
of ZnS (and four layers of nanocrystals) can operate at the
same brightness as the four ZnS layer device but requires
an increased operating voltage to do so because of the
additional voltage drop across the insulating layers of ZnS
and nanocrystals. Likewise, devices with multiple 90 nm
thick nanocrystal layers exhibit electroluminescence but
require higher operating voltages than devices with 30 nm
thick nanocrystal layers to achieve the same field drop across
the nanocrystal layers. These results demonstrate the impor-
tance of maximizing both the number of interfaces and the
electric field dropped across the nanocrystal layers.

The following results pertain to transparent devices with
four layers of ZnS and three 30 nm thick layers of
nanocrystals, depicted schematically in Figure 2a. The
photographs in Figure 3b provide a visual indication of
device transparency, as well as the uniform illumination at
2 Cd/m2 of a 1 mm × 2 mm pixel with an applied voltage
of 170 Vpp at 30 kHz. We test our device using an HP 3254A
function generator, which enables us to sweep frequency
across a large range with voltages up to 200 Vpp. We observe
that our devices show EL emission at frequencies greater
than 10 kHz and with voltages as low as 110 Vpp (for
operation at 30 kHz). Trends of increasing EL intensity as a
function of both increasing voltage and increasing frequency
are shown in Figure 3c. While these trends are consistent
with impact excitation of the Mn impurity dopant whereby
electrons are accelerated across the sputtered ZnS layers, the
trends also suggest a possible mechanism in which the high
electric field causes an electron to be removed from the
valence band of the nanocrystal, leaving a hole behind. An
electron from a neighboring nanocrystal, aided by the field,
can then couple with the hole to form an exciton on the ZnSe
core whose energy can be transferred to the Mn impurity
dopant. Further experiments are needed to probe in detail
the operating mechanism of these devices.

Figure 3d shows the normalized EL spectra for a device
with Al2O3 (solid orange line) and HfO2 (dashed orange line)

Figure 2. (a) A schematic of the doped nanocrystal-based AC-
TFEL device structure. AFM topographic and phase images show
(b) the first layer of nanocrystals spin-cast on ZnS and (c) a
subsequent layer of ZnS sputtered on top of the nanocrystals.
Comparison of the phase images in panels b and c shows that the
nanocrystals are completely covered by the 12 nm layer of ZnS.
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insulating layers, both operating at 30 kHz and 170 Vpp. The
overlap of these spectra confirms that the insulating layer
does not contribute to or affect the observed EL spectral
shape. The dominant peaks in the two EL spectra overlap
with the solution PL spectrum (gray line), indicating that
the phosphor 4T1 f

6A1 transition accounts for the EL
response. The broad background emission that spans from
450 nm wavelength into the near-IR is likely a result of
electrical excitation of ZnSe defect states that could be
created during the sputtered ZnS layer deposition. These
defect states could similarly be excited by exciton energy
transfer from the ZnSe core. A PL spectrum (black line) of
an incomplete device structure (ITO/Al2O3/ZnS/30 nm
nanocrystals) matches the solution PL spectrum and shows
no evidence of defect states. However, the PL spectrum of
a more complete structure consisting of ITO/Al2O3/ZnS/30
nm nanocrystals/ZnS (dashed black line) exhibits broadening
of the red and blue edges of the nanocrystal luminescence,
which is indicative of defect states. The defect states are more
prominent in the EL spectra than in the PL spectrum,
suggesting that the PL excitation probes all nanocrystals
while the EL signal is dominated by nanocrystals at the ZnS
interface. While the shape of the EL spectrum is the same
regardless of the insulating layer used, the EL intensity is a
factor of 2 less for devices using HfO2 instead of Al2O3.
This observation is consistent with a field-driven excitation

mechanism for the doped nanocrystals. Since the static
dielectric constant of HfO2 is approximately twice that of
Al2O3, we expect that the field drop will be larger across
the HfO2 layers than across the Al2O3 layers in otherwise
comparable device structures. This implies a reduction in
the electric field across the nanocrystals and ZnS in the HfO2-
containing structures, which is consistent with the observed
lower EL intensity of HfO2-containing structures.

In summary, we demonstrated ac-driven electrolumines-
cence from highly efficient and stable ZnSe/ZnS:Mn/ZnS
nanocrystals. Our device structures contain standard wide
band gap ceramic materials which eliminate charge injection
into the devices, limiting the electrical excitation of the
nanocrystals to field-driven mechanisms. Because the dem-
onstrated device architecture is comparable to existing AC-
TFEL technology, our use of spin-casting to deposit the
nanocrystals in multilayer stacks highlights the viability of
solution-based techniques for depositing the active phosphor
layer in AC-TFEL devices, which could enable print fabrica-
tion of transparent multicolor AC-TFEL displays.
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shows the uniformity of pixel illumination (in the dark) with the device operating at 170 Vpp and 30 kHz. (c) Plots of the EL response as
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